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Summary

Quinones are redox-active molecules playing important roles in all organisms. In humans, the para-
benzoquinone derivative Coenzyme Q10 (CoQ10) carrying a chain of 10 isoprene units and two neighbouring
methoxy groups at the benzoquinone ring is found ubiquitously. It is an essential electron and proton
transporter in the mitochondrial respiratory chain and fulfils various important functions like regulating
redox homeostasis and membrane viscosity. In 2011, Bogeski et al. chemically modified the functional head
group of CoQ10 exchanging one methoxy group by a hydroxy group. The hydroxy analogue can also be
produced by CYP450 present in mitochondria and endoplasmic reticulum and is a postulated intermediate in
CoQ biosynthesis that had not been detected in eukaryotes.

The aim of this thesis was to gain first insights into the biological role of the mono-demethylated Coenzyme
Q10. Therefore, within this study and my precedent master thesis, the CoQ10 derivative, HO-CoQ10, was
synthesized and purified in sufficient amounts for the first time. Its structure could be verified using mass
spectrometry and 'H/13C 2-dimensional nuclear magnetic resonance spectroscopy. The synthesis was
confirmed to always produce a constitutional isomer mixture of HO-CoQ10 modified at the 2- or 3-position of
the quinone ring. Due to the high lipophilicity mediated by the long isoprene chain, reliable transition to the
aqueous phase was crucial for experiments. An ethanolic solution of 1 mM CoQ10 and 5 mM HO-CoQ10 was
stable at room temperature and could be diluted in aqueous media. Hence, most experiments were conducted
with 1% ethanol resulting in a maximal concentration of 10 uM CoQ10.

To understand the physiological importance of HO-CoQ10, its endogenous occurrence was clarified using
ultra-high-pressure liquid chromatography coupled to tandem mass spectrometry. In isopropanol extracts
from crude bovine heart mitochondria, HO-CoQ10 was detected for the first time and estimated to have a
concentration of 100 puM in mitochondrial membranes. Evaluating toxicity of exogenously applied HO-CoQ10,
no effect on cancer cell lines cultivated under standard cell culture conditions was found: No interference with
metabolic activity and proliferation was observed in HeLa, MelJuso and Jurkat T cells using the CellTiter-Blue®
reduction assay and apoptosis was not induced in Jurkat T cells analysing caspase activity using Caper-GR
Sensor.

Detecting HO-CoQ10 in mitochondria and considering the essential role of CoQ10 in the electron transport
chain, its influence on respiration was evaluated measuring oxygen consumption of isolated cardiac
mitochondria from BL6N mice using a Clark-type electrode. HO-CoQ10 inhibited Complex I-, II-, and IlI-linked
respiration. Surprisingly, also the native substance CoQ10 intervened with Complex [- and II-linked
respiration, but to a lower extent than HO-CoQ10. Extramitochondrial calcium enhanced inhibition via CoQ10
and HO-CoQ10 by the same factor. Since respiration buffers contained inorganic phosphate affecting free
metal concentrations, free calcium was defined using the fluorescent calcium indicator fura-2. Photometric
activity assays of respiratory chain enzymes from bovine heart mitochondria showed that HO-CoQ10 but not
CoQ10 inhibited both oxidoreductase activity of Complex I and II. Decyl-ubiquinol:cytochrome ¢
oxidoreductase (Complex III) was unaffected. In-gel activity staining of Complex I and II did not show

interference on oxidase activities indicating that HO-CoQ10 acts on Q-binding sites of the complexes. Since
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CoQ10 is an important antioxidant in vivo but also shows prooxidant activity under distinct circumstances
depending on its redox state, H2,0, production in the supernatant of coupled mouse heart mitochondria was
examined using an HRP-based assay with Amplex® UltraRed. HO-CoQ10 increased Complex I- and II-linked
ROS formation rate. Cl-linked rates were similar for HO-CoQ10 and the ubiquinone-binding site inhibitor
rotenone. Production rates induced by the Q;-site inhibitor of Complex III, antimycin A, were considerably
higher. Glycerol dehydrogenase-linked H,0; production was increased by antimycin A and slightly reduced by
HO-CoQ10. To assess the correlation of respiration and ROS production, oxygen consumption and superoxide
production were detected simultaneously by electron spin resonance spectroscopy with the oxygen sensor
trityl and the spin probe for superoxide CMH. Similar to rotenone, CM* formation rate was not influenced by
HO-CoQ10. Electron distribution in Complex I-associated iron-sulphur clusters of NADH-energized bovine
heart mitochondria, visualised with low-temperature electron spin resonance spectroscopy, was not altered
by HO-CoQ10.

This work provides the first insight into the biological significance of the neglected hydroxy analogue of
CoQ10. Focussing on mitochondrial respiration, the most studied and biologically important role of Coenzyme
Q, it was found that both CoQ10 and HO-CoQ10 inhibit respiration. Enrichment of the substances was shown
to decrease membrane fluidity in other studies, which might be the underlying mechanism diminishing
electron transfer efficiency. Calcium potentiating the inhibition by both substances supports the observation.
Due to its lower redox potential, HO-CoQ10 has been predicted to be a more potent antioxidant with a
potential to substitute CoQ10 in the medication of ROS related diseases. However, it was found to inhibit
activity of respiratory chain complexes and stimulated ROS production most likely via blocking Q-binding
sites. Downregulation of respiration and stimulation of ROS production by HO-CoQ10, found in small portions
in metabolic active heart tissue, suggests a role in regulation of energy metabolism and might act as an internal

brake for growth when synthesis is upregulated.



Zusammenfassung
Synthese, endogene Detektion und mitochondriale Funktion des hydroxy-substituierten

Coenzym Q10-Derivats HO-CoQ10

Chinone sind redoxaktive Molekiile, die in allen Organismen wichtige Aufgaben erfiillen. Im Menschen ist das
para-Benzochinon-Derivat Coenzym Q10 (CoQ10) ubiquitir vorhanden. Am Chinonring triagt es zwei
benachbarte Methoxygruppen und eine Seitekette aus zehn Isopren-Einheiten. CoQ10 ist ein essentieller
Elektronen- und Protonentransporter der mitochondrialen Atmungskette und an anderen wichtigen
Funktionen wie der Regulation der Redoxhomodstase und Membranviskositat beteiligt. 2011 haben Bogeski et
al. seine funktionelle Kopfgruppe chemisch modifiziert, indem sie eine der Methoxygruppen durch eine
Hydroxygruppe substituiert haben. Das Hydroxy-Analogon kann auch durch CYP450-Enzyme, welche in
Mitochondrien und endoplasmatischem Retikulum exprimiert sind, produziert werden und ist eine postulierte
biosysnthetische Vorstufe von Coenzyme Q, die jedoch in Eukaryoten bisher nicht nachgewiesen werden
konnte.

In der vorliegenden Arbeit wurde erstmals die biologische Funktion von mono-demethyliertem Coenzym Q10
untersucht. Hierzu wurde das Coenzym Q10-Derivat, HO-CoQ10, im Rahmen dieser Doktorarbeit und der
vorangehenden Masterarbeit synthetisiert und in ausreichender Menge aufgereinigt. Die Struktur wurde
mittels 1H/13C 2-dimensionaler Kernspinresonanzspektroskopie verifiziert. Das Produkt besteht aus einer
Mischung an Konstitutionsisomeren, welche die Hydroxygruppe an Position 2 oder 3 des Chinonrings tragen.
Aufgrund der langen Isoprenkette handelt es sich um stark liphophile Substanzen, deren Ubergang ins
Wassrige fiir die folgenden Untersuchungen essentiell war. 1 mM CoQ10 und 5 mM HO-CoQ10 in ethanolischer
Losung waren bei Raumtemperatur stabil und konnten in wdassrigen Medien verdiinnt werden. Deshalb
wurden die meisten Experimente mit 1 % Ethanol und einer maximalen CoQ10 Konzentration von 10 uM
durchgefiihrt.

Um die physiologische Bedeutung von HO-CoQ10 zu erfassen, wurde sein endogenes Vorkommen mittels
Ultra-Hochdruckfliissigkeitschromatographie-gekoppelter Massenspektrometrie aufgeklart. In Isopropanol-
Extrakten aus unaufbereitetetn Rinderherzmitochondrien wurde HO-CoQ10 erstmals nachgewiesen und seine
Konzentration in der Mitochondrienmembran auf 100 uM geschiatzt. Die Toxizitdt von exogen appliziertem
HO-CoQ10 auf unter Standard-Zellkulturbedingungen kultivierten Krebszelllinien wurde untersucht: Die
metabolische Aktivitit und Proliferation von HeLa, MelJuso und Jurkat T-Zellen, bestimmt mit Hilfe des
CellTiter-Blue®-Reduktionsassays, war unbeeintrachtigt. Zudem konnte in Jurkat T-Zellen bei Analyse der
Caspase-Aktivitat mittels des Casper-GR-Sensors keine Apoptoseinduktion beobachtet werden.

Da HO-CoQ10 in Mitochondrien detektiert wurde und CoQ10 eine essentielle Rolle in der
Elektronentransportkette einnimmt, wurde der Einfluss auf die Respiration untersucht. Hierfiir wurde der
Sauerstoffverbrauch isolierter Herzmitochondrien aus BL6N-Mdusen mit Hilfe einer Clark-Elektrode
gemessen. HO-CoQ10 inhibierte Complex I-, II- und IlI-assoziierte Atmung. Erstaunlicherweise inhibierte auch

die native Substanz CoQ10 die Complex I- und Il-assoziierte Respiration; dies jedoch in einem geringern
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Ausmaf3 als HO-CoQ10. Extramitochondriales Calcium steigerte die durch CoQ10 und HO-CoQ10 vermittelte
Inhibition gleichermafien. Die Puffer fiir Atmungsmessungen enthalten anorganisches Phosphat, welches sich
auf die Konzentration an freien Metallionen auswirkt. Deswegen musste die freie Calicumkonzentration
mittels des fluoreszenten Calciumindikators Fura-2 festgelegt und -gestellt werden. Photometrische
Aktivitatsbestimmungen der Atmungskettenenzyme aus Rinderherzmitochondrien zeigten, dass HO-CoQ10,
jedoch nicht CoQ10 Complex I- und Complex II-Oxidoreduktase-Aktivitat inhibiert. Decyl-ubichinol:Cytochrom
c oxidoreduktase (Complex III) war unbeeintrachtigt. In-Gel-Aktivitatsfarbungen stellten heraus, dass HO-
CoQ10 keinen Einfluss auf die Oxidase-Aktivitat von Complex [ und Complex II hat. Dies deutet darauf hin, dass
HO-CoQ10 auf die Q-Bindestellen wirkt. Da CoQ10 ein in-vivo wichtiges Antioxidans ist, das unter bestimmten
Umstinden abhingig vom Redoxzustand prooxidativ wirkt, wurde die H,0;-Produktion im Uberstand
gekoppelter Mausherzmitochondrien mit Hilfe eines HRP-basierten Assays mit Amplex® UltraRed untersucht.
HO-CoQ10 erhohte die Complex I- und Complex II-assoziierte Produktionsrate an reaktiven Sauerstoffspezies.
Cl-assoziierte Raten mit HO-CoQ10 waren vergleichbar mit Raten in Anwesenheit des Ubichinon-Bindestellen-
Inhibitors Rotenon. Produktionsraten induziert durch den Qj-Bindestellen-Inhibitor von Complex III,
Antimycin A, waren deutlich hoher. Glyceroldehydrogenase-assoziierte H202-Produktion war durch Antimycin
A erhoht und durch HO-CoQ10 leicht reduziert. Um den Zusammenhang von Respiration und ROS-Produktion
zu untersuchen, wurden Sauerstoffverbrauch und Superoxidproduktion simultan  mitttels
Elektronenspinresonsanzspektroskopie mit dem Sauerstoffsensor Trityl und der Superoxid-Spinsonde CMH
gemessen. Vergleichbar mit Rotenon wurde die CM*-Bildungsrate auch von HO-CoQ10 nicht beeinflusst. Die
Elektronenverteilung in  Eisen-Schwefel-Clustern von Complex [ in  NADH-energetisierten
Rinderherzmitochondrien wurde mittels Tieftemperatur-Elektronenspinresonanzspektroskopie visualisiert
und war nicht durch HO-CoQ10 verandert.

Die vorliegende Arbeit gibt erste Hinweise auf die biologische Bedeutung des wenig beachteten Hydroxy-
Analogons von CoQ10. Es konnte gezeigt werden, dass sowohl CoQ10 als auch HO-CoQ10 die mitochondriale
Atmung inhibieren. Da andere Studien zeigten, dass die Anreicherung der Substanzen die Fluiditat der
Membran reduziert, koénnte dies der zugrunde liegende Mechanismus fiir eine Abnahme der
Elektronentransfereffizienz sein. Die Potenzierung der Inhibition durch Calcium unterstiitzt die Beobachtung,
dass HO-CoQ10 und CoQ10 die Fahigkeit besitzen Calcium zu binden. Aufgrund des niedrigeren
Redoxpotentials wurde prognostiziert, dass HO-CoQ10 ein effektiveres Antioxidans ist und das Potential
besitzt, CoQ10 in der medizinischen Behandlung von ROS-korrelierten Krankheiten zu ersetzen. Allerdings
zeigte sich, dass HO-CoQ10, hochstwahrscheinlich durch die Blockade von Q-Bindestellen,
Atmungskettenkomplexe hemmt und ROS-Produktion stimuliert. Herunterregulation der Respiration und
Stimulation von ROS-Produktion durch HO-CoQ10, das in stoffwechselaktivem Herzgewebe in kleinen Mengen
gefunden wurde, weist auf Beteiligung in der Regulation von Energiestoffwechsel hin und kénnte bei

Hochregulation der Synthese als interne Wachstumsbremse agieren.
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1 Introduction

1.1 Coenzyme Q and its hydroxy analogue HO-CoQ10

All organisms - prokaryotes as well as eukaryotes - share one important molecule to transport e™ and H+* in
many different pathways and functions: the quinone (Q in Figure 1). Its basic structure, the benzoquinone (BQ),
takes up one electron and one proton to form a semiquinone radical (5Q*). Adding another e™ and H+* yields its

fully reduced form, the quinol (QHz, hydroquinone). The intermediate SQ* may form reactive oxygen species

(ROS), in particular, superoxide (027) under certain conditions.12

o~ HO HO
Q _e+H"_ e +H* :
J o’ HO

quinone semiquinone quinol
Q sQ QH,

Figure 1 | Redox reaction of quinones. As an example, para-benzoquinone is shown. The stepwise uptake of two electrons and two
protons by the quinone yields in the semiquinone radical and the fully reduced quinol, subsequently. Drawn on the basis of schemes
from llhardt (2009), Berg (2010) and Brunmark (1989)1’3’4

Among others, humans, mice, yeast, and Escherichia coli (E. coli) synthesize the quinoid Coenzyme Q (CoQ)?
which is a fully substituted para-benzoquinone (p-BQ) containing two adjacent methoxy groups, a methyl
group, and an isoprene chain of species-dependent length at 2-, 3-, 5-, and 6-position of the ring, respectively.
Structures of CoQs and their components are depicted in Figure 2 a-c. The number following CoQ reflects the
number of isoprene units, e.g. the main species in mice is CoQ9, in humans CoQ10, containing 9 and 10
isoprene units. This long carbon chain, consisting of 40 successive C-atoms gives CoQ10 its hydrophobic
nature. The molecules, also called ubiquinones, are found ubiquitously in all cells and subcellular

compartments and are an essential part of metabolism and redox homeostasis.

a Q b c d 2 e o
(o] HO
AP Y\ A e
\0 R \0 HO \0
o [o] N H,C. H [o] NN H,C: H (o] N H,C. H
j‘_10 j‘_10 j‘_m

Figure 2 | Composition of Coenzyme Q and its hydroxy analogue. (a) Coenzyme Q or ubiquinone, digits indicate the positionb of the

substituent on the quinone ring, R is the isoprenoid chain consisting of a species-depending number of (b) isoprene units, e.g. 10, 9, 6,

a Coenzyme Q, CoQ, ubiquinone
b The numbering of the position on the quinone ring follows the general IUPAC naming of Coenzyme Q but is not
according to the [UPAC name of CoQ10 (see following footnotes).
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and 8 in human, mice, E. coli, and Saccharomyces cerevisiae (S. cerevisiae), respectively. (c) Coenzyme Q10°, (d) 2-Hydroxy Coenzyme
Q10 (i.e. 2-demethyl Coenzyme Q10)°, (e) 3-Hydroxy Coenzyme Q10 (i.e. 3-demethyl Coenzyme Q10)°

In 2011, Bogeski et al.> synthesized demethylated CoQ derivatives in which one or both methoxy groups were
replaced by hydroxy groups. The products were named Hydroxy CoQ10 to emphasize the introduced
functional OH-group. The structures of mono-demethylated derivatives are shown in Figure 2 d and e.
Throughout this thesis, the molecule containing one hydroxy substituent at 2- or 3- position on the quinone
ring will be called HO-CoQ10.

The synthesized hydroxy analogues of CoQ1l and CoQ10 showed a more negative redox potential than the
native form.5 Hence, reduced Hydroxy CoQs have higher reducing potentials and may be better antioxidants.>
Indeed, reaction mixtures of hydroxy derivatives of 2,6-dimethoxy-1,4-benzoquinone have been shown to
scavenge superoxide anion radicals.¢ The reaction with superoxide was slightly faster compared to ascorbic
acid and considerably faster than the reduction of superoxide by the spin probe CMH. Similarly, hydroxy
derivatives of Coenzyme QO (Coenzyme Q not carrying an isoprene chain) had a slightly higher antioxidative
potential than Vitamin E, tested by neutralization of oxidized ABTS.”

Surprisingly, the introduction of the hydroxy group at the quinone ring enabled BQ, Coenzyme Q0, Q1 and Q10
to bindé-8 and transport calcium ions.5 According to Bennett et al. (2002),° a redox-loop mechanism was
proposed where reduced quinol species bind metal ions and release them upon oxidation. The authors
examined hydroxy-acetophenonesf that were proposed to complex calcium at the adjacent oxygen atoms from
the keto and deprotonated alcohol group of two molecules.? Hydroxy CoQs but not the native CoQs were able
to bind calcium and to a lower extent magnesium.>7 Transport of calcium across biomimetic membranes was

shown for both Hydroxy CoQ1 and Hydroxy CoQ10 in a redox-dependent manner.

Being the most abundant ubiquinone in humans, Coenzyme Q10 and its demethylated derivative were in focus
of this thesis. All before mentioned experiments with Hydroxy CoQs were performed with reaction mixtures
only, so additional effects of side products cannot be excluded. In preliminary experiments in this laboratory
(A. G, E. ]. $.),10-12 3 robust synthesis and purification method for HO-CoQ10 was established. Analysing the
product’s fractions, non-negligible amounts of by-products have been detected. Among these were
dicarboxylic acids with open ring structures. Given the distinct nature of these molecules, functional studies
need to be re-examined with purified material. The main product has been proposed to be 2-HO-CoQ10 based
on UHPLC-MS/MSs and H-D exchangeh 1H NMR! data. To finally and confidently identify the product, 2-D NMR

analysis of correlated 13C/1H signals of the purified substance has been missing. Failing to synthesize the

[UPAC name of

c CoQ10: 2-[(2E,6E,10E,14E,18E,22E,26E,30E,34E)-3,7,11,15,19,23,27,31,35,39-decamethyltetraconta-2,6,
10,14,18,22,26,30,34,38-decaenyl]-5,6-dimethoxy-3-methyl-1,4-benzoquinone

d  2-HO-CoQ10: 2-[(2E,6E,10E,14E,18E,22E,26E,30E,34E)-3,7,11,15,19,23,27,31,35,39-decamethyltetraconta-2,6,
10,14,18,22,26,30,34,38-decaenyl]-6-hydroxy-5-methoxy-3-methyl-1,4-benzoquinone

e 3-HO-CoQ10: 2-[(2E,6E,10E,14E,18E,22E,26E,30E,34E)-3,7,11,15,19,23,27,31,35,39-decamethyltetraconta-2,6,
10,14,18,22,26,30,34,38-decaenyl]-5-hydroxy-6-methoxy-3-methyl-1,4-benzoquinone

fIUPAC of 2,5-dihydroxyacetophenone: 1-(2,5-dihydroxyphenyl)ethanone

8 LC-MS/MS, ultra-high-pressure liquid chromatography coupled mass spectrometry with fragment analysis

h H-D exchange, proton-deuterium exchange

INMR, nuclear magnetic resonance spectroscopy
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compound with two hydroxy substituents in noteworthy amounts and reproducibility, suggests a minor role of
ortho-dihydroxy quinones that might be too unstable to be of physiological relevance. Hence, this study was

focussed on CoQ bearing one hydroxy group.

The methoxy substitution could be performed chemically by exposure to hydroxides>1011 and biosynthetically
by catalysis with the cytochrome P450 enzyme CYP1B1.> CYP1B1 is located in the ER membrane and substrate
unspecific like most CYP450 enzymes. Since CYP450 enzymes catalyze O-dealkylations as well as aromatic
hydroxylations!3 and are colocalized together with CoQ10 in mitochondria and the endoplasmic reticulum, the
conversion of CoQ10 to its demethylated form in vivo is very likely.

Furthermore, mono-demethyl-CoQ is the last precursor in ubiquinone biosynthesis where the quinone moiety
is first hydroxylated prior to 0-alkylation yielding a methoxy group as can be seen in Figure 3 (first two and last
two ring modifications).

In their review, Stefely and Pagliarini (2017)14 provide a comprehensive overview of Coenzyme Q biosynthesis
pointing out differences in Mammalia, yeast and E. coli. Until today, biosynthesis is not entirely comprehended.
Figure 3 depicts the biosynthetic pathway in eukaryotes. Shortly, the precursor of the head group,
hydroxybenzoic acid, is synthesized from phenylalanine or tyrosine. Isoprene subunits are provided by the
mevalonate pathway and connected to polyprenyl pyrophosphate by PDSS1/PDSS2 dictating the species-
dependent length of the isoprene side chain. In eukaryotes, the terminal steps, i.e. the modification of the head
group after attaching the isoprenoyl residue, takes place in the mitochondrial matrix by a biosynthetic
complex called the CoQ-synthome involving the enzymes COQ3-COQ9. Therefore, deficiency of any of these
genes leads to accumulation of 3-polyprenyl-4-hydroxybenzoic acid (3-PP-4-HB). Though being the last

precursor in Coenzyme Q synthesis in £. co/i HO-CoQ has never been detected in eukaryotes.1516
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Figure 3 | Pathways of Coenzyme Q10 biosynthesis in eukaryotes. Scheme compiles information from the following reviews: Acosta
(2016), Turunen (2004), Bentinger (2010).77*
4-hydroxybenzoic acid; PDSS1/PDSS2 heterotetramer (COQ1 in S. cerevisiae), polyprenyl diphosphate synthase (yeast: mitochondria,

IPP, isopentenyl pyrophosphate; PP, pyrophosphate; F, phenylalanine; Y, tyrosine; 4-HB,

mammalia: primarily ER (endoplasmic reticulum), also GA (Golgi apparatus), peroxisomes, (mitochondria)); R, isoprene side chain;
C0Q2, prenyltransferase (PHB-polyprenyl diphosphate transferase, rate-limiting; primarily in ER, GA, also in mitochondria and
peroxisomes); 3-PP-4-HB, 3-polyprenyl-4-hydroxybenzoic acid; €COQ6, Mono-oxygenase; €COQ3, O-methyltransferase, COQ5, C-
methyltransferase; COQ7, Hydroxylase; DMeCoQ, demethyl-CoQ, i.e. hydroxy analogue of Coenzyme Q; CoQH,, Coenzyme Q

(reduced);

1.2 Distribution and function of CoQ10

1.2.1 Intracellular distribution

Coenzyme Q is present in all cellular compartments. As shown in Table 1 Golgi vesicles, mitochondrial
membranes, and lysosomes contain the highest concentrations. Taking into account the protein-to-lipid ratio
of the membranes, it is obvious that CoQ concentration is especially high in inner mitochondrial membranes
(IMM), closely followed by Golgi vesicles. Since 80% of lysosomal CoQ is located in their lumen20 and no data

on concentrations in Golgi membranes was available, it is likely to be similar for the Golgi apparatus.
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N . . . 18,21 . . b .
Table 1 | Intracellular distribution of Coenzyme Q in rat liver. Cell source is unknown, except where indicated: “rat liver cells,

‘mouse liver cells; “CoQ/membrane concentration was calculated by multiplication of CoQ/protein with protein/lipid ratio;

“protein/lipid weight ratio taken from 223 45 cited in 2%

Organelle CoQ/protein  Protein/lipid® CoQ/membrane
(Hg/mg) (Hg/mg)”

Mitochondria 1.4

Outer membrane 2.2 1.2 2.6

Inner membrane 1.9 3.5 6.7
Golgi vesicles 2.6 2.5 6.5
Lysosomes 1.9

Membrane 04
Plasma membranes 0.7 1.4° 0.9° 1.0°, 0.6°
Peroxisomes 0.3
Endoplasmic reticulum 0.2 2.3 0.5

Rough microsomes 0.2
Smooth microsomes 0.3
Nuclear shell 0.2 2.1,1.7° 0.4

1.2.2 Location and function in lipid bilayers

The location of Coenzyme Q10 in the lipid bilayer has been studied thoroughly but remains controversial. Two
assumptions are presented herein. Afri et al. (2004)2¢ suggest CoQ10 to be embedded within phospholipids.
Measuring NMR of CoQ10 in solvents of different polarities and incorporated into liposomes, they correlated
13C shifts of the ring carbons and thereby estimated the surrounding of CoQ10 in lipid membranes. As can be
seen from Figure 4 a, the quinone head is thought to be near the polar region of the lipid bilayer although
distant from the lipid-water interface. Hence, this location enables CoQ10 to increase the ordering of the acyl
chains similar to cholesterol,2? thereby changing membrane properties. In this model, the isoprene side chain
is mainly located in the intermembrane space of the two leaflets, though a considerable part is found between
lipid chains. The more polar, reduced form of ubiquinone is thought to penetrate deeper into the polar phase
of the bilayer.28 In contrast, in a model supported by Haufd and co-workers (2005), the complete isoprene
chain is integrated in the intermembrane space.2® Moreover, the quinone head is suggested to be found there,
enabling quinones/hydroquinone to move freely2® (compare model in Figure 4 b). CoQ10 was calculated to
cover 10-30% of the intermembrane surface of mitochondrial membranes assuming 7 nmol CoQ per mg
protein. Hence, CoQ10 could function as a physical barrier to inhibit proton leak in mitochondria as suggested
by Haines (2001).30 In fact, CoQ10-enriched biomimetic IMMs showed a decreased leakage of small,
hydrophilic molecules.3! Besides, CoQ8 enrichment in the plasma membrane is a stress-response of £. coli
exposed to hyperosmotic media providing mechanical membrane stabilization.32 Both effects have been
correlated to CoQ residing in the bilayer midplane because molecules like solenasol3132 and hexadecane3! but
not the short-chained CoQs with zero to 4 isoprene units,32 that tend to penetrate the acyl chain layer of the

membrane (33 as cited in 30), mimicked the effect of CoQ1031 and CoQ8,32 respectively.
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Figure 4 | Proposed location of CoQ10 in the lipid bilayer. (a) Schematic model according to Afri et al. (2004):*° quinone moiety of
CoQ10 is intercalating between acyl chains of phospholipids, isoprene side chain is only partly found in midplane between membrane

leaflets; reduced CoQ10 (right) is thought to locate nearer to polar side than oxidized CoQ10 (left) as indicated;*® (b) CoQ10 completely

residing in membrane bilayer midplane according to Quinn (2012)34

1.2.3 Physiological function

Coenzyme Q has been shown to exert a plethora of physiological functions. Apart from modulating biophysical
properties of cellular membranes, as stated before, it represents the only known lipid-soluble antioxidant that
can be de novo synthesized by animals.1935 In lysosomes and the plasma membrane, it is involved in electron
and proton transport via a cytosolic NADH dehydrogenase3¢-38 and a membrane-localized CoQ-dependent
NADH oxidase,!8 respectively. In mitochondria, CoQ is an essential cofactor of uncoupling protein (UCP)39:40
and inhibits the mitochondrial permeability transition pore (mPTP),*! thereby protecting cells from apoptosis

induced by serum starvation, antimycin A, and Cz-ceramide.*2

1.3 Mitochondrial electron transport chain

Coenzyme Q is the only non-proteinogenic soluble component of the electron transfer chain transporting
protons across the IMM and electrons from Complex I (CI) and Complex I (CII) to Complex III (CIII), as
demonstrated in Figure 5. Apart from the classical respiratory chain complexes (RCCs), CoQ also takes up
electrons from other quinone reductases such as glycerol-3-phosphate dehydrogenase (GPDH),
dihydroorotate dehydrogenase and electron transfer flavoprotein oxidoreductase (ETF-QO). Electrons are
further transported via cytochrome c¢ to Complex IV where oxygen is the final electron acceptor. Proton
translocation from the matrix into the intermembrane space via CI, CIII and CIV builds up the protonmotive
force Ap consisting of ApH and the mitochondrial membrane potential Ay. ATP synthase (Complex V, CV)

consumes the proton gradient to produce ATP from ADP and P..
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Complex | Complex I Complex lll Complex IV Complex V
NADH:ubiquinone Succinate:quinone Cytochrome bc, Cytochrome c oxidase ATP synthase
oxidoreductase oxidoreductase complex F,F, ATPase
Mitochondrial
matrix
NADH -
6H* > NAD* + H* 2 H* 4 H*

Succinate
Fumarate

Inner
mitochondrial
membrane

2.7 H*
Cy:tochrome c IMS
2e

GPDH
Glycerol-3-phosphate
dehydrogenase
Figure 5 | Mitochondrial electron transport chain. NADH and succinate are Cl and Cll substrates, respectively, reducing CoQ to CoQH,.

Two CoQH, molecules are oxidized at Clll reducing two cytochrome ¢ and one CoQ. Cytochrome c transfers electrons to CIV, which in

turn is reducing oxygen to water. Figure was adopted from Sazanov (2015).43

1.3.1 Electron transfer in respiratory chain complexes |, Il, and 11l

Complex I (NADH:CoQ oxidoreductase) is reduced by the high-energy substrate NADH (midpoint redox
potential of NADH/NAD+ at pH 7, E, = - 320 mV) originating from the citric acid cycle (CAC, Krebs cycle). The
electron pathway and redox centres are illustrated in Figure 6 a and b:43 The FMN moiety takes up two electrons
from NADH oxidizing it to NAD*. Electrons are then singly transferred via the seven Fe-S clusters (N3 - N1b —
N4 — N5 = N6a - N6b — N2) to CoQ10 accommodated in the Q-binding pocket. The reduction of N2 and the
negative charges of the quinol anion or neighbouring amino acid side chains are proposed to induce
conformational changes of the membrane arm allowing the transport of 4 protons into the intermembrane
space. The 2Fe-2S cluster N1a is not directly involved in electron transport to CoQ, but bifurcation of FMN
electrons might be necessary for N2-induced conformational changes and protection from excessive ROS
production at the FMN site.

The CAC enzyme Complex II (succinate:CoQ oxidoreductase, see Figure 6 c) takes up 2 electrons from succinate
binding to the dicarboxylate-binding site thereby reducing covalently bound FAD (succinate + FAD —
fumarate + FADH,). Since Fe-S clusters can accept only one electron at a time, electrons are transferred
subsequently via the three Fe-S clusters (S-1 [2Fe-2S] = S-2 [4Fe-4S] — S-3 [3Fe-4S]) onto CoQ. The Q-binding
site is located at the membrane protein interface.

The electron transport from reduced CoQ to CIII (cytochrome bc; complex) can be explained by the Q-cycle
model introduced by Mitchell in 1975.4¢ As shown in Figure 6 d,*3 reduced CoQ (QHz) enters the Q, site (Q-
binding site at the outer surface of the IMM; IMS side) and transfers one electron via the 2Fe-2S cluster and
cytochrome ¢y finally to cytochrome c that passes electrons on to CIV. The second electron is conducted via

heme by, and heme by to oxidized CoQ located at the Q; site (Q-binding site at the inner surface of the IMM;
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matrix side) reducing it to a semiquinone radical anion (Q*7). Another cycle consuming a second quinol will
fully reduce the SQ* at the Q; site and another cytochrome cprotein. The reaction at CIII involving Q is: 2 QHz +
Q+2cytc(ox) = 2Q+ QHz + 2 Ht + 2 cyt ¢ (red). In other words per reduced ubiquinone two cytochrome ¢

proteins are reduced and two H+ transported across the IMM.
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Figure 6 | Electron and proton transfer in respiratory chain complexes | (a, b),43 Il (c)45 and Il (d).43 Figures were adopted from
references as indicated, if not mentioned otherwise redox potential were excerpted from same references. (a) Coupling mechanism of
Cl on the basis of bacterial Cl structure from Thermus thermophiles (core subunits labelled accordingly), e™ transfer to N2 and CoQ
induces conformational changes allowing proton pumping, blue and red balls indicate key amino acids for proton transfer; (b) main
electron pathway in Complex | (solid arrows); after 2 e reduction of FMN, electrons are transferred subsequently via 7 Fe-S clusters to
CoQ; distances between redox centres in A (centre-to-centre, edge-to-edge in parenthesis), N7 is only present in some bacteria e.g. E.
coli and T. thermophiles, redox potential of Fe-S clusters are from B. taurus Complex I;46 (c) porcine succinate dehydrogenase (Cll),
subunits: SdhA, FAD-binding protein; SdhB, iron-sulphur protein; SdhC and SdhD, membrane integral domain; right: electron pathway
in Cll from succinate to CoQ, redox potentials are from B. taurus;” (d) Q-cycle and electron transfer in Complex Ill, Rieske protein (ISP,

iron sulphur protein) containing the Fe-S cluster accepting e” from QH, at the Q, site is indicated;

1.3.2 Inhibitors and ROS production of respiratory chain complexes |, I, and Il
Mitochondrial research exploits a variety of inhibitors to dissect the electron transport chain; some of these

are depicted in Figure 7 and will be described in more detail in the following chapter.
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According to Fato et al. (2009)48 Complex I inhibitors targeting the Q-binding site can be divided into two
classes: Class A inhibitors like rotenone increasing ROS production and Class B inhibitors like stigmatellin,
capsaicin, and reduced CoQ2, decreasing ROS production. CoQ1 but not decyl-ubiquinone potentiated ROS
production induced by Class A inhibitors.#849 ROS production induced by rotenone in forward electron
transfer (FET) mode at CI was assigned to the backup of electrons at FMN50 or accumulation at the final Fe-S
cluster N2.48 Superoxide and hydrogen peroxide will be produced by the reaction of oxygen with the fully
reduced FMN at high NADH/NAD+ ratios.>® Semiquinone radical-mediated production of superoxide was
rejected because SQ* was eliminated by rotenone and piericidin A*8 and CoQ depletion did not affect ROS
production rate of Complex 1.5 Fato and coworkers proposed N2 to be the source of ROS.#8 Their model
assumes that class A inhibitors displace CoQ from the Q-binding site allowing oxygen to pick up electrons from
the iron-sulphur cluster, whereas class B inhibitors permit one-electron reduction of CoQ and therefore N2
cannot reduce oxygen.*8 In the absence of inhibitors, Complex I is a major source of ROS in reverse electron
transfer (RET) mode when the CoQ pool is reduced by succinate, G3P or fatty acid oxidation and Ap is high.50
This ROS production was shown to be rotenone-sensitive, and possible production sites are FMN and the Q-
binding site.>® Since ROS formation was pH-dependent, involvement of semiquinone or semiquinolate is
possible.50

Complex II inhibitors are atpenin A5 (AA5), TTFA (2-Thenoyltrifluoroacetone) and mitoVES. In FET, when CII
is reduced by succinate, the Q-binding site inhibitors induce ROS production sensitive to malonate,
oxaloacetate and high succinate concentrations.>2-54 Malonate and the CAC metabolite oxaloacetate are
competitive inhibitors of the dicarboxylate-binding site. Possible ROS production sites are protein-bound
FAD,5253.55 terminal Fe-S cluster S3°4 and protein-bound ubisemiquinone radical. The latter was excluded due
to the fact that AA5 and TTFA eliminate the SQ* signal.>* RET-linked ROS production by Complex II was
demonstrated by Quinlan et al.53 Reducing the quinone pool in the presence of rotenone to inhibit RET to CI
and myxothiazol to exclude CIII-linked ROS, CII produced ROS. In the absence of CIII inhibitors ROS production
was considerably lower. In contrary to ROS production in FET mode where ROS production was malonate-
sensitive, in RET mode ROS production could additionally be inhibited by AA5.

Antimycin A is the classical inhibitor of CIII inducing high rates of ROS. Binding to the Q reduction site (Q;)
electron transport to cytochrome b is disrupted, and bound QH: can only transfer one electron along the Fe-S
cluster to cytochrome ¢ The semiquinone at the Q, site is therefore thought to be stabilized and can react with
oxygen to produce superoxide at the IMS.

The CIII inhibitors stigmatellin and myxothiazol, both binding close to the Q, site of Complex IlII, reduce
antimycin A-induced ROS production.5657 Stigmatellin completely abolishes antimycin A-induced ROS
production by inhibiting electron transfer from QH: to the Fe-S centre of the Rieske subunit.>¢ Myxothiazo],
thought to displace QH: from the Q, site, on the other hand, does not fully inhibit ROS production.5657
Moreover, in the absence of antimycin A, myxothiazol incubation leads to significant ROS production in

presence of Cl-, CII- and GDPH-linked substrates.

i mitochondrially targeted vitamin E succinate
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Rotenone + Atpenin A5+ Myxothiazol +
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& Q-binding site ©
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Oxaloacetate
Figure 7 | Binding sites of inhibitors of the respiratory chain complexes I, Il, and lll. Inhibitors inducing ROS production in forward

electron transfer (FET) mode are marked (+). Capsaicin, malonate, and oxaloacetate are competitive inhibitors.

1.3.3 Organization of respiratory chain complexes into supercomplexes

In 2000, Schigger et al. identified respiratory chain complexes associated to supramolecular structures,
supercomplexes, when isolated mitochondria were solubilised with the mild detergent digitonin and analysed
by blue-native PAGE (blue-native polyacrylamide gel electrophoresis, BN-PAGE) conserving the native
structure and function of the enzymes.58 A few years later, respirasomes, supercomplexes consisting of RCCs
[1111111121V; or 1111111121V, together with CoQ and cytochrome ¢ were found able to respire on NADH and/or
succinate.® The plasticity model proposed by Acin-Pérez et al. (2008) was based on the fluid model:
Complexes 1, III and IV are mostly found alone moving freely in the inner mitochondrial membrane, whereas
most of Complex I is associated to supercomplexes (I111121V4, I111111121V4, and 141112).5° Complex 111 always forms
dimers and is present in a supercomplex together with CIV (SC 11121V1).69 CIV and CV associate to dimers (IV;
and V). The existence and importance of CII within supercomplexes is disputed.6162 The reason Acin-Pérez et
al. only found a small portion of CII associated to respirasomes,5° might be a more unstable interaction of CII
and other RCCs. Assemblies of CII with ATP synthase isolated from human cell lines were sensitive to the
Coomassie Blue stain and could only be detected in clear native conditions omitting Coomassie Blue.¢3 This
might be an important point why in many studies ClI-containing supercomplexes were not detectable.62
Moreover, Guo et al. suggested CII to be part of human respiratory chain megacomplexes (oligomers of
supercomplexes).6465

The function of supercomplexes is still under debate. Accepted advantages of supercomplex formation are the
stabilization of CI by interaction with CIII®¢ and CIVé7 and reduced ROS production by CI.686% Furthermore,
changing supercomplex composition might be a modulator to adapt to diverse metabolic demands.”°
Supercomplexes have been proposed to increase ETC efficiency by sequestering and channelling substrates
since cytochrome ¢ and CoQ comigrated within supercomplexes isolated from BN-PAGE.>® Bianchi et al.
(2003)71 observed a higher NADH:cytochrome ¢ oxidoreductase rate than expected from Coenzyme Q pool
behaviour, which was lost after increasing theoretical distances between CI and CIII by dilution with
phospholipids. Furthermore, flux control analysis of NADH oxidase showed that activity is equally influenced

by CI and CIII inhibition, therefore functioning as a single enzymatic unit.”%.72 However, Hirst and coworkers
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identified major weaknesses of the performed flux control analysis’3 and demonstrated that CoQ is not
trapped within supercomplexes but diffuses freely since NADH-reduced Q was accessible to an experimentally
incorporated alternative quinol oxidase.”* Besides, the long distance (~ 10 nm) between binding sites of CIII
from CI®575 and CIV,7> respectively, speaks against quinone or cytochrome cchannelling.7

1.3.4 Influence of calcium on mitochondrial respiration

A rise of mitochondrial calcium levels to around 1 pM activates the citric acid cycle enzymes pyruvate
dehydrogenase (PDH), glycerol-3-phosphate dehydrogenase (GPDH), NADH-isocitrate dehydrogenase (IDH)
and 2-oxoglutarate dehydrogenase (ODH).”? Calcium enables binding of PDP1 (tissue-specific PDH
phosphatase isomer) to the E2 subunit of PDH, thereby activating the catalytic E1 subunit (pyruvate
decarboxylase) by dephosphorylation.’? By binding to an EF-hand Ca-binding motif of GPDH at the cytosolic
surface of the IMM, calcium lowers the K, for its substrate, glycerol-3-phosphate.’? Similarly, calcium
increases the substrate-affinities by binding to IDH and ODH.77.78 High ADP concentrations reduce half-
maximal effective concentration for calcium in both cases.”? Furthermore, calcium binding inactivates an
inhibitory protein regulating FiFo-ATPase thereby stimulating ATP synthase activity.”980 Cytosolic calcium
activates the mitochondrial carriers aspartate/glutamate transporter 8182 and ATP-Mg/P; carrier located in the
inner mitochondrial membrane.8283 On the other hand, low micromolar calcium stimulates mtNOS
(mitochondrial nitric oxide synthase) that uses L-arginine for production of nitric oxide (NO).8485 NO, in turn,
inhibits respiration by binding to cytochrome coxidase (COX, CIV).8586

1.4 Research focus

The primary goal of this thesis was to gain first insights into the biological role of HO-CoQ10, i.e. demethyl
Coenzyme Q10. Since HO-CoQ10 is commercially not available, the first step was to synthesize and purify the
substance in sufficiently large amounts. The structure and purity of the isolated product were analysed using
electrospray ionization mass spectrometry (ESI-MS), 'H, and 13C nuclear magnetic resonance spectroscopy
(NMR). Even though the foundation of synthesis and purification of HO-CoQ10 had been established in
preliminary experiments, it was mandatory to confirm the location of the hydroxy group applying 2-D NMR.
Moreover, the integrity of the basal ubiquinone structure and stability of the synthesized compound upon
storage needed to be confirmed.

Coenzyme Q is ubiquitously present in all tissues, eukaryotic cells and cellular membranes. In the view of
hydroxy substitutes being precursors in CoQ10 biosynthesis and their production potentially modulated by
CYP450 enzymes, the importance of these molecules is evident. In £. coli demethyl-CoQ8 was detected in
plasma membranes of ubiG™ mutants, lacking the O-methyltransferase UbiG necessary for the final step of
CoQ8 synthesis.8” Nevertheless, demethyl-CoQ has never been detected in eukaryotes.15.16

In order to get an impression on the biological significance of HO-CoQ10, we first examined its presence in
vivo. Lipid extracts from bovine heart mitochondria were analysed using reversed-phase ultra-high-pressure
liquid chromatography coupled to tandem-mass spectrometry. This sensitive method allows a reliable
identification and quantification of endogenous substances.

To evaluate the impact of HO-CoQ10 on cellular functions, CoQ10 always served as a control. Given its

hydrophobic nature derived from the long isoprene chain, first solubilisation of CoQ10 and HO-CoQ10 in
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aqueous media needed to be established. Then, toxicity of the substance was tested on different cancer cell
lines under standard cell culture conditions determining metabolic turnover and apoptosis induction using
CellTiter-Blue® and the caspase-sensitive sensor Casper-GR, respectively.

Since CoQ10 is a vital component of the electron transport chain and energy production via oxidative
phosphorylation, the role of HO-CoQ10 in the mitochondrial respiration machinery was examined in detail.
The significantly lowered redox potential, the ability to bind Ca2*+ and of course modification of the functional
quinone moiety might have a tremendous impact on the functionality of the molecule. To address the influence
of HO-CoQ10 on oxidative phosphorylation, respiration of freshly isolated coupled mouse heart mitochondria
was measured with a Clark-type electrode using saturating conditions for substrates and ADP. Established
protocols to guide electrons via the respiratory chain complexes I, II, III and IV were used to investigate points
of action. The influence of extramitochondrial calcium on respiration in presence of Coenzyme Q was assessed.
To obtain quantative data, free Ca2+ concentrations in respiration medium containing inorganic phosphate had
to be precisely defined using the fluorescent ratiometric calcium indicator fura-2. In addition, oxidoreductase
activity of single respiratory chain complexes was detected photometrically using specific substrate-acceptor
cocktails for each individual enzyme. BN-PAGE allowed separating supercomplexes and RCCs and measuring
oxidase activities without blockers against other RCCs. Since ETC activity and ROS production are closely
related, H20; and superoxide production were monitored using the fluorescent-based Amplex™ UltraRed
assay and the superoxide spin probe CMH detected by electrons spin resoncance spectroscopy (EPR). The
redox-active iron-sulphur centres of Complex I and II were studied with continuous-wave EPR at low

temperatures to identify interaction sites.
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2 Material and methods

2.1 Reagents
Preparation and storage protocols are indicated for sensitive substances only. Abbreviations, supplier, and
catalogue number are given in parenthesis. Chemicals and equipment not mentioned were supplied by VWR,
Sigma, Corning, Schott, and Fisher Scientific. Detailed material and equipment is listed within each
experimental section.
e HO-CoQ10 (FW 849.32 g/mol; stored at -20 or -80 °C; 5 mM in ethanol, stored in liquid nitrogen)
e Coenzyme Q10 (CoQ10, FW 863.34 g/mol, OMIKRON Naturprodukte und Feinchemikalien # 101181-5
or Sigma # C9538; 1 mM in ethanol, stored in liquid nitrogen)
e Coenzyme Q1 (CoQl, Sigma # C7956 or Cayman chemical #18741; 10 mg/mL ethanolic solution,
stored at -20 °C)

e Ethanol, absolute, > 99.8%, reag. Ph. Eur. absolut (etOH, Sigma # 32205 or VWR # 20821.321)
e DMSO (dimethyl sulfoxide, Sigma # D8418)

e Sucrose (D(+)-Saccharose; VWR # 27480.294)
e D-Mannitol (Sigma # M1902)
e KCI (potassium chloride; VWR # 26764.298)
e NaCl (Millipore # 1.37017.1000)
e Potassium phosphate dibasic (K2HPOs, potassium phosphate monobasic, TraceSELECT®; Sigma
# 60347 (TraceSELECT®) or P5655)
e Potassium phosphate monobasic (KH2PO4, TraceSELECT®; Sigma # 229806 or # 60216)
o HEPES (4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, Sigma # H7523)
e (CaClz solution, 1 M in H»0 (Sigma # 21115)
e  MgCl; solution, 1 M in H,0 (Sigma # M1028)
o EGTA (Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid, Sigma # E4378)
o EDTA (Ethylenediaminetetraacetic acid, Sigma # E6758 or ED2SS)
e KOH (potassium hydroxide; ].T. Baker # 0385; ~5 M at RT)
e Trizma® base (Tris, Tris(hydroxymethyl)aminomethane; Sigma # T1503)
e Millipore water, 18 MQcm
2.2 Software, general
e  Origin, versions 9.5, 2015, 2018b (OriginLab, Northampton, MA)
o  Fiji,88 image editing
o Accelrys Draw 4.1.NET; chemical structures, calculation of exact and average molecular mass

(Accelrys. Inc.)
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2.3 Assay buffers
The composition of all buffers is listed below. Concentrations are in millimolar, if not stated otherwise.
Isolation of mouse heart mitochondria®

e Isolation solution (IS): 225 mannitol, 75 sucrose, 2 HEPES, 1 EGTA, pH 7.4 using Tris base

e Mitochondria suspension solution (MSS): 225 mannitol, 75 sucrose, 2 HEPES, pH 7.4 using Tris base
Isolation of beef heart mitochondria®
e Heart wash solution (HWS) for isolation and suspension: 250 sucrose, 10 Tris-HCI, pH 7.8 using HCI

Respiration buffers (RB)
Phosphate concentrations are highlighted.
e RB1: 137 KCl, 2 KH2PO4, 2.5 MgCl;, 20 HEPES, 0.5 EGTA, pH 7.2 using KOH8?
e RB2: Mg?*+ and Ca?* calibration solutions
o RB2:137 KCl, 20 HEPES, pH 7.21 using KOH
o Additionally containing:
= RB2.1 :0.1 EGTA
= RB2.2 :0.1 EGTA, 200 MgCl;
= RB2.3 :0.1 EGTA, 2.25 mM MgCl;
= RB2.4 :0.1EGTA, 2.25 mM MgCl,, 0.1 CaCl;
= RB2.5 :10 EGTA
= RB2.6 :10 EGTA, 10 CaCl;
o Test solutions:
= RB2.7 :4KH:P04 0.5 EDTA
=  RB2.8 :4KH3P04 2.5 MgCl, 0.1 EGTA (i.e. RB 3.1)
= RB2.9 :4KH2PO4 2.5 MgClz, 0.5 EGTA
= RB2.10: 4 KH2PO4, 2.5 MgClz, 1 EGTA
= RB2.11: 1.5 KH2POq4, 2.5 MgCl;, 0.1 EGTA
=  RB2.12: 1.5 KH;P0q4, 2.5 MgCl,, 0.1 EGTA, 0.1 CaCl;
e RB3: CaZt calibrated respiration buffer
o RB3:4KHzP0O4, 2.5 MgCl,, 20 HEPES, 0.1 EGTA, pH 7.21 using KOH
o Additionally containing:
= RB3.1 :137KCl
= RB3.2 :137KC], 0.1 CaCl;
= RB3.3 :127KCl, 10 NaCl
= RB3.4:137 KCl, 10 NaCl, 0.1 CaCl;
o By mixing of RB3.1 and RB3.2 or RB3.3 and RB3.4 respiration buffers with defined free
Ca2*concentrations were prepared according to Figure 37 g (p. 92) and listed below.
=  Free Ca2t, CaEGTA: 1.227 pM, 0.1 mM; 1 uM, 0.0959 mM; 0.5 uM, 0.0820 mM;
0.366 uM, 0.0754 mM; 0.2 pM, 0.0611 mM; 0.05 uM, 0.0255 mM;
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e RB4: 600 sorbitol, 20 KH>P04, 10 MgCly, 0.5 EDTA, pH 7.2 using KOH!
Single respiratory chain complex (RCC) activity assays and LT-EPR

e 500 mM KP;, pH 7.4 (50 mL): 20.05 mL K;HPO4, 4.95 mL KH,PO4, 25 mL water

e Assay buffer
e 50 mM KP;, pH 7.4 (10x, 500 mM KP;, 50 mL: 20.05 mL K>PO4, 4.95 mL KH2PO4, 25 mL water)
e 10 mM Tris, pH 7.8 (pH 7.4 at 37 °C)
e The pH of Tris-based buffers was adjusted at RT using the temperature-adjusted values for usage

at 37 °C using a web-based calculator.9?

o Lysis buffer: hypotonic KPB, lysis buffer: 25 KP;, 5 MgCl,, pH 7.4

2.4  Production of HO-CoQ10

Synthesis in a two-phase system

One volume of a 4 mM CoQ10 solution in tetrahydrofuran was added to 2 volumes of 1-molar aqueous sodium
hydroxide and mixed by inverting. To minimize autoxidation and thereby formation of peroxides in the
organic solvent, the reaction mixture was held in an argon atmosphere. NaOH was depleted of oxygen by
flushing with nitrogen for 30 min. The reaction vial was a brown glass bottle with a gas-prooflid (PTFE/silicon
cap liner) and was protected from light by aluminium foil wrapping. After 24 h of incubation at RT, the

reaction was stopped by removing NaOH from the organic layer.

Figure 8 | Synthesis of Monohydroxy-CoQ10 from native CoQ10 and NaOH in a two-phase system. The lower aqueous phase consists
of 1 M NaOH and the upper organic layer of CoQ10 in THF; reaction mixture after inverting (left) and after prolonged incubation (right);

the reaction takes place in the upper organic layer.

Isolation of the product from the upper layer
The lower aqueous phase was removed with a separating funnel. To remove residual water and NaOH from
the organic layer, the solution was dried over the desiccant magnesium sulphate (anhydrous MgS04) in a glass

beaker and stirred with a glass rodk When added magnesium sulphate stopped clumping, the drying

k MgSO4+nH20 —» Mg?+(H20), + SO4%+
MgS04 + 2 NaOH — Mg(OH)2 + NazS04
A better practice is to add the desiccant in small portions under constant magnetic stirring to avoid over-addition
and therefore loss of product.
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procedure was completed. The precipitated salts could then be removed by filtering. Product stuck to the filter
and the drying agent was washed off with THF. In a bulb, the solvent was removed by rotary evaporation.
Then, the product was reconstituted in a small amount of THF to aliquot it in portions of ~20 mg into
autosampler vials. The solvent was evaporated at RT under a stream of nitrogen. The substance was
concentrated at the bottom of the vial using a moderate N flow rate. Residual THF was then removed in a
desiccator under vacuum.

The reaction conditions and drying procedure of the product were partly conducted and established by
Christian Holzmann under consultation with Reinhard Kappl and me.

Purification by semi-preparative high-pressure liquid chromatography

In order to isolate HO-CoQ10 the product was fractioned using semi-preparative reversed-phase high-
pressure liquid chromatography (RP-HPLC). The stationary phase consisted of a C-18 modified silica gel
column. The column was equilibrated and washed in between runs with the mobile phase, a 1:4-mixture (v/v)
of THF and methanol + 0.1% HCOOH. The dried product was dissolved in the mobile phase with an increased
THF proportion that was needed to dissolve the product (usually around 50% THF). Per run, around 30 mg
product was manually loaded into the 100 pL sample loop using the leading-bubble technique with > 100 pL
solution to avoid dilution of the sample with the mobile phase present in the sample loop. The pump was run
at the desired flow rate of 4.4 mL/min, and simultaneously with injection the recording was started. The
absorbance of the quinone ring was detected at 275 nm, and the signals were sampled every 0.48 s. To exclude
collection of impurities, the starting point of product collection was chosen after the HO-CoQ10 elution peak
reached the detection limit of 2.56 AU plus a delay of 6 s. The product was collected within a time interval of
~ 3 min and stopped when absorption dropped below 1 AU (Figure 9). The fractions of 1 day were combined
right after collection and stored in a gas-tight, brown glass bottle with argon atmosphere at 4 °C. At the end of
the day, the isolate was dried and stored at -20 °C. For additional separations only ~ 20 mg isolate was used.
The first isolation run took 40 min, the next run only 30 min because the educt peak decreased remarkably.
Regularly, the column was washed with 100% THF and/or with mobile phase for a prolonged time. When
CoQ10 was collected, it was important to clean the needle of the fraction collector by collecting clean mobile
phase after a finished run in a separate vial. After completing the purification, HO-CoQ10 was dissolved in THF
and aliquoted in portions of 2-10 mg. The solvent was removed as stated before. The product was stored in
glass autosampler vials with a silicone-sealed lid at -80 °C for long-term and at -20 °C for short-term storage.

The yield of HO-CoQ10 was around 20%.
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Figure 9 | Isolation of HO-CoQ10 by semi-preparative HPLC coupled to a UV/Vis detector. Absorption at 275 nm; path length, 10 mm;
column was overloaded with the reaction mixture to yield a high amount of purified sample but still separated elution peaks; (a)
elution profile of the reaction mixture, elution peaks of reactant CoQ10 and more hyrdophilic product HO-CoQ10 are cut off due to
overloading, (b) detail of collected fraction (HO-CoQ10) from (a); collection started 6 s after absorption reached maximal detection

value of 2.56, collection stopped when absorption surpassed 1 AU;

Spectrophotometric analysis of the reaction course

To follow the absorption spectra of CoQ10 in the course of the reaction every hour (up to 10 h) and after 26 h
a 50 to 100-uL sample was retrieved from the upper, organic layer and centrifuged (15 min, RT) to eliminate
residual NaOH. Samples were diluted in THF to result in an approximately 0.1 mM CoQ solution. The diluted
CoQ10 stock solution before addition of NaOH represented time point 0. Measurements were performed with

a velocity of 250 nm/min recording 1-nm steps in parafilm-sealed quartz cuvettes.

Material and equipment
e Sodium hydroxide (NaOH, standard volumetric solution (1M), AppliChem # A1432, 1000)
o Tetrahydrofuran (THF, ROTISOLV® HPLC, unstabilized, Roth # 7344.2)
e Methanol, Grad.-HPLC (MeOH, VWR # 20864.320 or Fisher Scientific # M/4058/17)
e Magnesium sulfate, anhydrous (MgS04; Sigma # 208094)
e Formic acid, p.a. (99-100%, VWR Chemicals # 20318.297)

¢ Rotary evaporator (IKA® RV 8) with integrated heating bath (IKA® HB 10) connected to a

e Vacuum pump (vacuubrand, PC 3001 VARIOpro with vacuum controller CVC 3000)

e Autosampler vial (VWR; screw cap, 9 mm, silicon, PTFE # 548-1502; vial short thread, 1.5 mlL,
32x11.6 mm, clear glass # 548-0028)

e Vials, screw top with solid green Melamine cap with PTFE liner, 22 mL volume, clear glass vial:
collecting of HPLC fractions from semi-preparative HPLC (Supelco, cat. no. 27172)

e HPLC components (Jasco) for semi-preparative chromatography: degasser (cat. no. DG-1580-53), low-
pressure gradient unit (cat. no. LG-1580-02), intelligent HPLC pump (cat. no. PU-980), intelligent
UV/Vis detector (cat. no. UV-975)
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e Preparative column (material, Kromasil 100 C18; particle size, 5 um; length x ID, 250 x 10 mm; MZ-
Analysentechnik, Part.-No.: MZ0551-250100, Ser.-No.: 24180719)

e HPLC data acquisition software (Gerhard Bracic)

e UV/Visible Spectrophotometer Ultrospec™ 2100 pro (GE Healthcare Life Sciences # 80211221)
e SWIFT Il Wavescan (software for UV/Vis data collection, GE Healthcare Life Sciences)
e Micro Cuvette made of quartz glass SUPRASIL® (Hellma, path length 10 mm (£ 0.1 mM))

2.5 Structural analysis: nuclear magnetic resonance spectroscopy (NMR)
All NMR experiments were recorded and analysed by (2-D NMR) or in assistance of (*H NMR, qNMR) Dr Josef
Zapp (Department of Pharmaceutical Biology, Saarland University).
Material and equipment
e 1,2,4,5-Tetrachloro-3-nitrobenzene, standard for quantitative NMR, TraceCert® (Sigma # 40384)
e Chloroform-d (CDCl3, = 99.8 atom % D, contains 0.5 wt. % silver foil as stabilizer; Sigma # 416754) or
(100%, 99.96 atom % D, contains 0.5 wt. % silver wire as stabilizer, Sigma # 431915)
e Chloroform-d with internal standard tetramethylsilane (CDCl3, = 99.8 atom % D, contains 0.5 wt. %

silver foil as stabilizer, 0.03% (v/v) TMS; Aldrich # 530735)

e Nuclear magnetic resonance spectrometer (Bruker), 500 MHz, probe 5 mm
DRX 500 with BBI probe
Avance [ 500 with BBO or TCI probe
Avance I1I 500 with CPTCI probe

e Topspin 4.0.5 (2018, Bruker BioSpin)

2.5.1 Proton NMR (*H NMR)

Sample preparation

Dried samples were dissolved in approximately 0.6 mL deuterated chloroform (99.8% CDCl3, 0.2% CHCl3,
contains 0.5 wt. % silver foil as stabilizer) and measured in capped NMR glass capillaries.

Analysis

The singlet absorption peak of the internal standard TMS (tetramethylsilane) was set to a chemical shift of
0 ppm.

Using Originlab 8.5, the absolute frequency of the spectra was calculated with formula 1.1 and then
transformed into chemical shift (8) in ppm using the detected frequency (v) of the substance and the reference
(formula 1.2). Exporting NMR spectra to JCAMP the number of intervals corresponds to the number of rows
subtracted by 1; measured interval corresponds to the line of row subtracted by 1, pulse width corresponds to
the first listed frequency. Sending frequency (SFO1) was taken from exact measurement parameters.

Since concentrations were neglected during sample preparation, absorption intensities were normalized using
the absorption integral of the last 9 vinyl protons of the side chain of each spectrum (at 5.12 and 5.06 ppm,

compare Figure 15 f on p. 59). The isoprenic side chain was presumed to be intact in the molecule.



28 Material and methods

(1.1) absolute frequency (Hz) =

pulse width

(number of intervals — measured interval) - ( ) + (sending frequency —

number of measured intervals

pulse width)
2

Vsubstance Vreference | 106

(1.2)  bsubstance (ppm) =

Vreference

2.5.2 2-Dimensional NMR (2-D NMR)

11.8 mg HO-CoQ10 was dissolved in 0.6 mL d-chloroform. First, a 1H NMR spectrum was recorded to confirm a
usual absorption pattern. Then the sample was dried and reused for 2-dimensional NMR performing H,H-
COSY, HSQC, and HBMC experiments. The analysis was performed using pulse programs form the Bruker pulse
library.

2.5.3 Quantatitive NMR (QNMR)

Sample preparation

The samples, around 4.5-12 mg, were accurately weighed. 500 pL d-chloroform (or 400 pL for preparation y)
and 100 pL (or 250 pL for the preparation y) of a standard solution of 1,2,4,5-tetrachloro-3-nitrobenzene
(100.3 mg in 10 mL CDCI3) was added. The measurements were performed based on Malz (2008).93 To keep
the amount of substance of the sample and standard equivalent, 0.1 mL and 0.25 mL of the standard solution

was added when the mass of the analyte was ~ 5 and between 4.5 and 12 mg, respectively.
Analysis

The purity of the sample was calculated in % according to Malz (2008)93 using the formula below.

Iy Nstqg My mgpq P, purity in %; I, integral; N, proton count; M, molar mass; m, weighted sample; indexes

= — Ista
Ista Ny Mstqg m X for analyte and Std for standard

The integral of the proton signal of the standard, Isw, at 7.7 ppm with a proton count of Nsig= 1 was set to 100.
Its purity, Psw, was 99.72% according to the certificate of analysis. The molar masses are 260.89 g/mol, 863.34
g/mol, and 849.32 g/mol for the standard, CoQ10 and HO-CoQ10, respectively. The masses of the standard
were either 1.003 or 2.5055 mg depending on the sample input. The integral of a proton signal of CoQ10 and
HO-CoQ10 was then determined and inserted into the formula using the corresponding proton count, Nx. The

chemical shift was normalized by setting the residual CHCl3 signal to 7.26 ppm.%4

2.6 Dissolving of CoQ10 and HO-CoQ10

Ethanolic solution

CoQ10 was weighed directly into a glass vial and ethanol was added to yield a concentration of 1 mM. The
homogenate was heated to 40 °C in a water bath and mixed by ultrasonication from time to time until
dissolution was complete. The mixture was protected from sunlight. Pre-aliquoted and dried HO-CoQ10 was
treated the same way. CoQ10 and HO-CoQ10 were treated as being 100% pure as it is a lab standard for all

substances and to have a general guideline. Besides, calculated volumes were added disregarding the volume
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of the substance (no volumetric flask was used). Therefore, concentrations are slightly underestimated in all
experiments.

Aliquots of stock solutions were stored in freezing vials with silicone-sealed lids in liquid nitrogen. Solutions
were thawed at RT, vortexed thoroughly and if necessary reheated to ensure solubilisation. Handling time at
RT was minimized to avoid concentration of the solution by evaporation of ethanol.

According to Park et al. (2002),°5 aqueous solutions of CoQ10 were preincubated at 37 °C for ~10 min

whenever possible to assure solubilisation.

Water-soluble formulation with Cholesterol-PEG
Following the procedure of Borowy-Borowski, ¢ CoQ10 was solubilised with Cholesterol-PEG (PCS)! as a
carrier substance. CoQ10 and Cholesterol-PEG are used in a weight ratio of 1:3 (corresponding to a molar ratio
of 1:2) and merged by two different methods: the direct melt or the solvent method.
The direct melt method requires the mixture of CoQ10 and PCS to be heated above the melting point of both
substances. Since CoQ10 has a melting point around 50-52 °C%7 and PCS starts melting at RT, 60 °C was chosen
to merge the molecules. The water-soluble clear melt is then diluted in aqueous solutions.
For the solvent method, solutions of CoQ10 and PCS in THF have been prepared separately. The stock
solutions have been combined in a glass bulb together with water yielding a clear solution. The organic solvent
was then removed by rotary evaporation, and the volume can be contracted as desired.
Material and equipment

e Chloroform (Sigma # 24216)

e Tetrahydrofuran (THF, ROTISOLV® HPLC, unstabilized, Roth # 7344.2)

e Dimethyl sulfoxide (DMSO, Sigma # D8418)

e Methanol, Grad.-HPLC (MeOH, VWR # 20864.320 or Fisher Scientific # M/4058/17)

¢ Ethanol, absolute, > 99.8%, reag. Ph. Eur. absolut (etOH, Sigma # 32205)

e Cholesterol-PEG 600 (PCS, Cholesteryl-polyethylene glycol 600 sebacate; Sigma # C1145)

e Ultrasonic bath with integrated heating (Bandelin # SONOREX SUPER RK 1028H)

2.7 Testing of solubility with UV/Vis spectrophotometry
Absorption spectra (200-900 nm) were recorded in 1-nm steps using a velocity of 250 nm/min in closed
quartz cuvettes with an optical depth of 10 mm. The final volume was ~ 0.5 mL. The baseline of the solvent
alone was subtracted from all traces.
Equipment

e SWIFT Il Wavescan (GE Healthcare Life Sciences)

e UV/Vis spectrophotometer Ultrospec 2100 pro (GE Healthcare Life Sciences)

e Precision cells made of Quartz SUPRASIL® with PTFE stopper (volume, 400 uL; light path, 10+ 0.1

mm, Hellma® Analytics # 115-10-40)

I'PCS; CAS number, 69068-97-9
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2.8 Endogenous detection of HO-CoQ10 and CoQ10 using mass spectrometry
The MS and LC-MS protocol was provided by Prof. Dr R. Markus Meyer. MS and LC-MS experiments were
established and performed by Prof. Dr Markus R. Meyer and Dr H. ]J. Lilian Richter (Department of

Experimental and Clinical Toxicology, Saarland University) using modified published protocols.?8-107

2.8.1 Mass and fragmentation analysis of pure substances: direct infusion
To examine ionization and fragmentation behaviour of the analytes, direct infusion experiments were
performed prior to setting experimental parameters for further analysis. 100 pM CoQ10 and HO-CoQ10 (in
90% i-proOH, 10% etOH) were diluted to 1 and 10 pM in eluent B and infused into the heated electrospray
ionization I (HESI-II) source using a 500-uL Hamilton syringe with a constant flow of 10 pL/min.
“Mass calibration was performed prior to analysis according to the manufacturer’s recommendations using
external mass calibration.”98104107 The MS conditions in negative mode were as follows: HESI, negative mode;
sheath gas, nitrogen at a flow rate of 10 arbitrary units (AU); auxiliary gas switched off; vaporizer temperature
switched off, spray voltage, -4.0 kV; ion transfer capillary temperature, 320 °C; and S-lens RF level, 50.0. The
scan parameters were as follows: microscan, 1; resolution, 140 000; AGC target, 1e6; maximum injection time,
250 ms; MS2 isolation window, 1 m/z scan range, m/z 60-900; high collision dissociation (HCD) with
normalized collision energy (NCE), 25-35%. Thermo Xcalibur (Software Version 2.4, Thermo Fischer
Scientific) was used for data handling.
In positive mode, the following parameters were changed: HESI, positive mode; sheath gas, nitrogen at a flow
rate of 12 arbitrary units (AU); spray voltage, +3.9 kV.
Material

o Eluent B: (acetonitrile/methanol, 1:1 (v,v); ammonium formate, 2 mM; formic acid, 0.1% (v,v); water,

1% (v,v))
e Q-Exactive Plus system (Thermo Fisher Scientific)
equipped with heated electrospray ionization source (HESI-II) coupled to a syringe pump
e Xcalibur™ Software, Version 4.2, Qual Browser; analysis of MS spectra and LC/MS chromatograms,

modelling of isotope patterns (Thermo Fisher Scientific, 2018)

2.8.2 Testing of substance stability by ultra-high-pressure liquid chromatography coupled to mass
spectrometry (UHPLC-MS)

Sample preparation: substance in solid form

1 mM ethanolic stock solutions of CoQ10 and HO-CoQ10 were diluted to 100 pM in ethanol. Then, 100 pL of
each solution was distributed into separate glass autosampler vials, and the solvent was evaporated under a
stream of nitrogen at RT. The vials were closed with a silicone-sealed screw cap and kept in the dark. The
samples were incubated for 6 d at different temperatures: -70 °C (freezer), -20 °C (freezer), 4 °C (fridge), RT
(lab, drawer), and 37 °C (incubator). Then, all samples were stored at -70 °C. For measurements, the solids

were reconstituted with 200 pL or 1 mL ethanol to yield 50 and 10 uM solutions, respectively.
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Sample preparation: substance in solution
The following changes had been made, when the stability was tested in solution: 1 mM ethanolic solutions of
CoQ10 and HO-CoQ10 were diluted 1:100 in ethanol to yield 10 uM solutions. To every vial, 250 pL of CoQ10
or HO-CoQ10 was added. The vials were closed tightly and incubated for 1 h at 4 °C (fridge), RT (opaque box),
37 °C (water bath) or 60 °C (thermomixer).
Detection with UHPLC-MS
Parameters for measurements shown in Figure 21 (p. 70) are specified.
Autosampler temperature was set to 4 °C and 1 pL sample was injected onto the column. Elution was
performed using a gradient at a flowrate of 0.7 mL/min with a mobile phase consisting of water-based (eluent
A) and organic solvent-based eluent (eluent B): 0-1 min 20-10% A, 1-6 min 10-0.1% A, 6-7 min hold 0.1% A, 7-
7.5 min 0.1-20% 4, 7.7-10.1 hold 20% A.
External mass calibration was performed prior to analysis according to the manufacturer’s recommendations.
The HESI-II source conditions were as follows: ionization mode, positive and negative alternating; sheath gas,
53 AU; auxiliary gas, 14 AU; sweep gas, 3 AU; spray voltage, + 4.0 kV; heater temperature, 438 °C; ion transfer
capillary temperature, 269 °C; and S-lens RF level, 60.0.
External mass calibration was performed prior to analysis according to the manufacturer’s recommendations.
Mass spectrometry was performed using full scan data or product reaction monitoring using an inclusion list
containing the m/zof interest (positive, m/z:880.71770).
The settings for full scan data acquisition were as follows: resolution, 35 000; microscans, 1; automatic gain
control (AGC) target, 3e6; maximum injection time, 200 ms; and scan range, m/z 133.4-2 000. The settings for
the PRM mode with an inclusion list were as follows: option “pick others”, enabled; dynamic exclusion, 1 s;
resolution, 17 500; microscans, 1; loop count, 5; AGC target, 2e5; maximum injection time, 100 ms; isolation
window, m/z 1.5; high collision dissociation (HCD) with normalized collision energy (NCE), 35%; spectrum
data type, profile. Xcalibur Qual Browser software version 2.4 was used for data handling.
Analysis
CoQ10 was analysed in positive ionization mode as an ammonium adduct (m,/z 880.7146). HO-CoQ10 was
analysed in negative ionization mode in its deprotonated form (im,/z847.6618).
The content of CoQ10 and HO-CoQ10 was quantified by first determining the peak area for each signal in the
respective extracted-ion chromatogram. The baseline was set for each peak, not across the whole
chromatogram. Then peak areas at the lowest incubation temperature (-70 °C for long-term stability and
+4 °C for short-term stability) were set to 100%.
Material and equipment

e Autosampler vial (VWR; screw cap, 9 mm, silicon, PTFE # 548-1502; vial short thread, 1.5 mlL,

32x11.6 mm, clear glass # 548-0028)
¢ Eluent A: water; ammonium formate, 2 mM; formic acid, 0.1% (v,v); acetonitrile, 1% (v,v); pH 3

¢ Eluent B: acetonitrile/methanol, 1:1 (v,v); ammonium formate, 2 mM; formic acid, 0.1% (v,v); water,

1% (v,v)
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e Stationary phase: Accucore PhenylHexyl column (particle size, 2.6 um; length x ID, 100 x 2.1 mm)
e Dionex UltiMate 3000 RS system: degasser, quaternary pump, UltiMate autosampler
coupled to Q-Exactive Plus system (Thermo Fisher Scientific)
equipped with heated electrospray ionization source (HESI-II)107-109
e Xcalibur™ Software, Version 4.2, Qual Browser; analysis of MS spectra and LC/MS chromatograms,

modelling of isotope patterns (Thermo Fisher Scientific, 2018)

2.8.3 Detection in lipid extracts from isolated mitochondria by UHPLC-MS

Three steps are necessary for sample preparation: 1. Protein precipitation, 2. extraction, and 3. reduction of
the extract volume.

Sample preparation

Bovine heart mitochondria (isolation, see 2.12 on p. 35) were thawed on ice. In a 1.5-mL plastic tube, 10 mg
(or any desired amount of) mitochondrial protein was sedimented (20.000 x g, 4 °C, 10 min) and the

supernatant was disposed of.* 1 mL solvent (see listing below) was added to precipitate proteins and extract

CoQ10. At this point, the internal standard (IS), 10 puL of a 100 uM CoQ4 solution in ~propanol, could be added.
The pellet was resuspended by vortexing and loosened by hitting the vial onto the bench, if necessary. The
mixture was then centrifuged (20.000 x g, 4 °C, 5 min) and 1 mL (or 0.9 mL when IS was used) of the
supernatant was transferred into a glass autosampler vial (a little of the supernatant should remain on the
pellet). At 50 °C (or at RT as a control) under a stream of nitrogen, the solvent was evaporated thoroughly.
Samples containing water could not be dried entirely using this procedure. Thus, they were frozen at -20 °C
overnight and the remaining liquid was removed in a desiccator under constant vacuum. The samples were
stored at -80 °C. The precipitate was then reconstituted with 0.1 mL (or 0.09 mL when IS was used) #
propanol, vortexed vigorously and centrifuged (20.000 x g, 5 min) in a 1.5-mL tube to remove precipitated
salts and proteins. The supernatant was then carefully transferred into an autosampler vial containing a

micro-insert for small volumes.

* For the dilute-and-shoot method the following changes were applied: Only 0.09 mL #propanol was added
together with 0.01 mL internal standard. After centrifuging the mixture to remove precipitates, 80 pL of the

supernatant was directly transferred into an autosampler vial without preceding drying procedures.

Solvent: methanol, ethanol, n-propanol, /propanol, acetonitrile, a mixture of /propanol and 10% Triton X-100
in water (1:4) or /-propanol and water (1:4)

Detection with UHPLC-MS

Parameters for data shown in Table 13 (p. 73

See LC-MS conditions in section 2.8.1 (p. 30). Changes as follows:

gradient elution: 0-3 min 30-10% A, 3-8 min 10-0.1% A, 8-9 min hold 0.1% A, 9-9.5 min 0.1-30% A, 9.5-10.1
min: hold 30% A; inclusion list in positive mode: m/z 880.71770, 863.69190, 849.67550; negative: m/z
862.68760, 847.66340; scan range, m/z233.4-3 500.
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Parameters for measurements summarized in Table 12 (p. 72)
See LC-MS conditions in section 2.8.1 (p. 30). Changes as follows: inclusion list in positive mode: m/z
880.71770; negative: m/z862.68760, 847.66340.
The HESI-II source conditions were as follows: ionization mode, positive and negative alternating; sheath gas,
52.5 AU; auxiliary gas, 13.75 AU; sweep gas, 2.75 AU; spray voltage, +3.5 and -2.5 kV, respectively; heater
temperature, 437.5 °C; ion transfer capillary temperature, 268.75 °C; and S-lens RF level, 60.0 and 50,
respectively.
Analysis
Protonated CoQ4, ammonium adducts of CoQ10, and HO-CoQ10 were quantified by integration of the peaks.
The baseline of each peak was set for every signal separately. Peaks were smoothened using Gaussian function
(7 points). Concentrations were normalized using the calibration curves of CoQ4, CoQ10 and HO-CoQ10,
obtained with the same protocol as for the samples. The measurement error was calculated as the delta score
in ppm: (observed mass - theoretical exact mass)/theoretical exact mass.
Material and equipment

e Coenzyme Q4 (CoQ4, Sigma # C2470)

e Methanol, Grad.-HPLC (MeOH, VWR # 20864.320 or Fisher Scientific # M/4058/17)

¢ Ethanol. absolute, 99.8% (Sigma # 32205)

e n-Propanol (1-propanol, 99.9%, HPLC grade)

e jPropanol (2-propanol, HPLC grade, Fluka # 34965)

e Acetonitrile, HPLC for gradient analysis (Fisher Scientific # 10660131)

e Triton X-100 (polyethylene glycol tert-octylprenyl ether, eurobio # 018774, 10% in water)

¢ Rotary evaporator (IKA® RV 8) with integrated heating bath (IKA® HB 10) connected to a

o Refrigerated high speed centrifuge (Hermle # Z 32 HK)

e Autosampler vial (VWR; screw cap, 9 mm, silicon, PTFE # 548-1502; vial short thread, 1.5 mlL,
32x11.6 mm, clear glass # 548-0028)

e Micro-inserts (for wide opening, 0.1 mL, 31x6 mm, clear glass, 15 mm top, VWR # 548-3006)

e Eluent A: water; ammonium formate, 2 mM; formic acid, 0.1% (v,v); acetonitrile, 1% (v,v); pH 3

e Eluent B: acetonitrile/methanol, 1:1 (v,v); ammonium formate, 2 mM; formic acid, 0.1% (v,v); water,
1% (v,v)

e Stationary phase: Accucore PhenylHexyl column (particle size, 2.6 pm; length x ID, 100 x 2.1 mm)

e Dionex UltiMate 3000 RS system: degasser, quaternary pump, UltiMate autosampler
coupled to Q-Exactive Plus system (Thermo Fisher Scientific)
equipped with heated electrospray ionization source (HESI-II)107-109

e Xcalibur™ Software, Version 4.2, Qual Browser; analysis of MS spectra and LC/MS chromatograms,

modelling of isotope patterns (Thermo Fisher Scientific, 2018)
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2.9

Cell culture

Cells were cultured according to the lab’s internal guidelines using the following media and splitting protocols:

Jurkat, Clone E6-1
Medium: RPMI + 10% FCS + 1% P/S

Splitting: 3 x per week (1:3 - 1:6)

Jurkat pCasper (Clone E6-1 stably transfected with pCasper3-GR vector, generated by Christian
Backes110)

Medium: RPMI + 10% FCS + 1% P/S, 0.8 mg/mL G418

Splitting: 3x per week (1:4 - 1:6)

MelJuso

Medium: RPMI 1640 + 10% FCS

Splitting: 2 x per week (1:10 - 1:12)

The cells are washed with PBS and incubated with trypsin for 1 min. After removing trypsin, the cells
are detached by hitting the flask and medium is added.

Hela

Medium: DMEM medium, 10% FCS

Splitting: 3 x per week (1:3 or 1:5)

The cell layer is washed with PBS and incubated with TrypLE for 3 min. The cells are then

resuspended in medium.

Material

2.10

DMEM medium (life technologies, Gibco™ # 41966052)

TrypLE™ Express Enzyme (Thermo Fisher Scientific, Gibco™ # 12604013)

RPMI 1640 Medium + L-glutamine (life technologies, Gibco™ # 21875-034)

Fetal bovine serum (FCS, life technologies, Gibco™ # 10270106)

Penicillin-Streptomycin (10 000 U/mL penicillin, 10 000 pg/mL streptomycin, 100x concentrate, life
technologies, Gibco™ # 15140-122)

G418 (Calbiochem # 345810-5)

Jurkat, Clone E6. 1 (ATCC # TIB-152™)

MelJuso (Department of Dermatology, Venereology and Allergology, University Hospital of Saarland)
HeLa (DSMZ)

Determination of metabolic turnover with the CellTiter-Blue® Cell Viability Assay

50000 cells (Jurkat) were seeded in a volume of 180 pL cell culture medium approx. 1 h before addition of

substances into 96-well plates. 5000 adherent cells (MelJuso and HeLa) per well were seeded 3 h prior to

treatment to guarantee adhesion of the cells. The cells were then treated with 20 uL of a stock solution of the

indicated substance or vehicle to yield the desired quinone concentrations and 1% ethanol as final

concentration. Stock solutions were first prepared in ethanol and then diluted 1:10 in medium for each
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concentration to exclude concentration errors because of possible unstable solution in medium. The dilution
was preincubated at 37 °C to ensure dissolution of CoQ.
After 2, 24, 48 and 72 h of incubation at 37 °C (5% COz), 20 uL of CellTiter-Blue® Reagent was added and
mixed by moving the plate horizontally. Resorufin fluorescence was measured (exc. 535 nm, em. 590 nm) after
3 h of incubation (37 °C, 5% COz) using a plate reader. Before the measurement, the plate was shaken for 30 s
(linear, 1 mm amplitude) followed by 30 s of rest to settle down the cells. The fluorescence was detected at 3
points per well (3, linear) using 5 light flashes, an integration time of 40 ps, a settle time of 10 ps, and a gain of
80.
Material and equipment

e CellTiter-Blue® Cell Viability Assay (Resorufin, Promega # 8081)

e C(Cell culture media, see section 2.9

e 96-Well plates, black, transparent bottom (BD Falcon™ # 353219)

e Plate reader (Tecan, Infinite M200 PRO)

2.11 Detection of apoptosis with the protein sensor Casper-GR
50000 E6-1 pCasper cells were seeded in a volume of 180 pL in cell culture medium into a 96-well plate,
approx. 1 h before adding the substances. 20 pL of stock solution of a substance or vehicle was added to yield
indicated concentrations with 1% ethanol as final concentration. The samples were prepared in triplicates and
incubated at 37 °C and 5% CO; during the measurement. After approx. 40 min, the measurement was started
and green, red and FRET fluorescence was detected every 15 min for 24 h using a 10 x objective (Olympus).
The measurement was designed, conducted and analysed together with Carsten Kummerow (Department of
Biophysics).
Material and equipment

o Jurkat pCasper (Clone E6-1 stably transfected with pCasper3-GR vector (Evrogen), generated by

Christian Backes)110.111

e Medium: RPMI + 10% FCS + 1% P/S (cf. section 2.9)

¢ 96-well microplate (flat bottom, black/clear bottom, Corning™ # 353219)

e BD Pathway Bioimager 855 imaging system (BD Biosciences)

o Fiji88 for image processing

2.12 Isolation of mitochondria

To isolate crude mitochondria four steps are necessary: a) collection of material, b) tissue homogenization and
cell disruption, c) elimination of whole cells, tissue, and nuclei by a slow centrifuging step, and d) enrichment
of mitochondria by high-speed centrifugation. Material, solutions and tools were kept on ice at any time
possible. Centrifugation steps were carried out at 4 °C. Protein concentration was determined by a Lowry
protein assay according to the manufacturer’s guidelines.12 The standard assay protocol was employed at a
final volume of 920 pL (plastic cuvettes), and the microplate assay protocol (transparent well plates; Tecan,

Infinite M200 PRO) was used for mouse and beef heart mitochondria, respectively. Crude mitochondrial
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extracts are mitochondria-enriched preparations contaminated with lysosomes, peroxisomes, and microsomes
that need to be purified by differential centrifugation when contaminations are interfering with planned

experiments.

2.12.1 Isolation of beef heart mitochondria

The procedure was adapted from Lenaz and Palotti (2001)° and carried out as follows:

a) Beef hearts were collected as soon as possible after slaughtering (up to 2 hours thereafter) and
transported in a plastic bag covered with ice. Blood was washed off using cold tap water. Connective tissue
and fat were removed generously. The heart was opened and the left ventricle was divided into smaller
sections to ensure thorough cooling of the tissue. 2-cm filet cubes were weighed and washed with ice-cold
D-PBS several times to eliminate blood, and finally with HWS. During this procedure, the flesh was stored
either in a plastic bag surrounded by crushed ice or in a crystallizing dish filled with ice-cold buffer.

b) Together with HWS (1:1, weight/weight), the cubes were transferred into a high-performance blender.

The material was homogenized for 20 s at minimal speed and twice for 12.5 s at the highest speed, as this
blending protocol resulted in the highest yield of mitochondrial protein. Between the blending steps,
splattered material was transferred back into the bulk with a common household silicon dough scraper.
The homogenate was transferred into a glass beaker and the pH readjusted to 7.5 using 5 M Tris. Mixing
was achieved best using the dough scraper.
The homogenate was transferred into 50-mL tubes and centrifuged at 1200 x g for 15 min. After
transferring the supernatant into a fresh tube, it was subjected to another centrifugation step to eliminate
tissue material thoroughly. Then, lipid granules were removed by filtering through a double layer of
cheesecloth supported by a glass funnel.

¢) Mitochondria were pelleted at 20000 x g (15 min) and the supernatant was discarded entirely. The
pellet’s surface was washed carefully by pipetting a small volume of HWS onto the tube wall and tilting the
tube carefully. After carefully disposing of the buffer, lipids attached to the tube walls were wiped off with
lint-free paper cloths. With a glass rod, the pellet was loosened, starting from the borders to its centre
without applying pressure. Mitochondria were resuspended in HWS (around 20 x volume of pellet) using a
serological pipette and centrifuged (20 000 x g, 15 min).

Finally, the pellet was suspended in ~3 x HWS (v/v) to yield a concentration of ~40 mg/mL. Mitochondria

were stored long-term in liquid nitrogen and in aliquots of 0.5 or 1 mg during measuring periods at -70 °C.

2.12.2 Isolation of mouse heart mitochondria

The protocol was given by Nickel et al. (2015)113.114 and the isolation performed in collaboration with Prof. Dr

Christoph Maack’s group (now Department Translational Science, Universitatsklinikum Wiirzburg):

a) Mice are sacrificed by an overdose of xylazine and ketamine (intraperitoneal injection of 0.3 mL of a 1:2-
mixture, resulting in 66.7 mg/mL xylazine and 0.67% ketamine) and the beating heart is transferred into
IS. Connected lung tissue, vessels, atria and residual blood (by opening both ventricles) are removed.

b) The tissue is transferred into a 2-mL reaction tube filled with 0.5 mL IS (containing 0.16 mg/mL

proteinase and 3.6 mg/mL BSA) and chopped into small pieces using scissors. With a 5-mL Potter-
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Elvehjem grinder, the material is homogenized for 7 min avoiding any air bubble formation. At this stage,
the homogenate should not contain any visible tissue chunks. Another 0.5 mL proteinase-BSA-mixture is
added and the sample further homogenized for 7 min.
c) The homogenate was transferred back into the same 2-mL reaction tube and centrifuged at 400 x g for 5
min. Its supernatant is transferred into a fresh tube and centrifuged again.
From the collected supernatant (fresh tube) mitochondria were pelleted at 7700 x g for 10 min and
washed twice with 1.4 mL MSS. Depending on its size, the pellet was resuspended in 100-200 pL MSS
yielding a concentration of 15-30 mg/mL mitochondrial protein. Samples were stored on ice for
experiments with coupled mitochondria at the same day or at -70 °C/-196°C for long-term storage.
Material and equipment
Beef heart mitochondria:
e Beef heart (slaughterhouse Emil Farber GmbH & Co. KG, Standort Zweibriicken, Germany)
e Heart wash solution (HWS) for isolation and suspension: see section 0 on p. 23
e Glassrod

e 50-mL reaction tubes

e Household blender (Bosch, MUM 6412 Universal-Kiichengerdt, used with blender extension)

o Refrigerated high speed centrifuge (Hermle # Z 32 HK)
Swing out rotor 4 places with tubes for 50 mL (Hermle # 220.72 V06 and 605.004)

Mouse heart mitochondria:

Animal procedures were approved by the local animal ethics committee and conducted in accordance with
institutional guidelines. If not mentioned otherwise (see figure legends) BL6N mice were used for all
experiments.

e Mice, strain C57BL/6NCrl: Unlike Black6] mice, Black6N mice express the Nnt gene (male, BL/6N,

C57BL/6NCr], strain code 027; Charles River), 8-38 weeks depending on experiments

e Black6] mice (male, BL/], C57BL/6], JAX Mice Stock Number 000664; Charles River)

e Ketamine, 100 mg/mL (ketamine hydrochloride, Ursotamin®, Serumwerk Bernburg AG)

e Xylazine, 2% (xylazine hydrochloride, Rompun®, Bayer Vital GmbH)

e DC™ Protein Assay Kit II (Bio-Rad # 5000112)

¢ Proteinase, bacterial, Type XXIV (Sigma # P8038)

e BSA, fatty acid free (bovine serum albumin; Sigma A7030)

e Isolation solution (IS): see section 0 on p. 23

e Mitochondria suspension solution (MSS): see section 0 on p. 23

e Potter-Elvehjem grinder, pestle, 5 mL (A. Hartenstein # HT05)
e Potter-Elvehjem grinder, grinding chamber, 5 mL (A. Hartenstein # HZ05)

e 2-mL plastic reaction tubes
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2.13 Mitochondrial respiration: Clark-type electrode

Oxygen consumption was measured using a Clark-type electrode. Two instruments were used: 1. Oxygraph
Plus (Hansatech Instruments) provided by Prof. Dr Christoph Maack (now Department Translational Science,
Universitatsklinikum Wiirzburg) and 2. Oxygraph-2k (Oroboros Instruments) provided by Prof. Martin van
der Laan (Department of Medical Biochemistry & Molecular Biology, Saarland University). Used substrate
cocktails to feed electrons into one of the respiratory chain complexes and inhibitors to block the respective

complex are listed below.

Table 2 | Substrates and inhibitors for respiration via the different respiratory chain complexes. The solvents of the substances’ stock
solutions are noted in parenthesis. RB, respiration puffer; the preparation of the stock solutions is mentioned within the material

section, the reduction of duroquinone on p. 47.

Complex I Il 1 \Y
Substrate 5 mM pyruvate 0.5 uM rotenone 800 uM duroquinol 0.5 mM TMPD
(RB) (DMSO) (ethanol) (water)
5 mM malate 10 mM succinate 1 mM ascorbate
(water) (water) (water)
Inhibitor 0.5 yM rotenone 5 mM malonate 10 uyM antimycin A 1 mM cyanide
(DMSO) (water) (DMSO) (RB)
atpenin A5
(DMSO)

The polarographic oxygen sensor was used in amperometric mode and consisted of a silver/silver chloride
anode and gold or platinum cathode for the Oroboros and Hansatech setup, respectively. Oxygen was
measured in the KCI reservoir separated from the sample chamber by a gas-permeable membrane (FEP for
Orboros, PTFE for Hansatech). The current was detected as an amperometric signal and converted into

voltage.

2.13.1 Oxygraph Plus (Hansatech)

Set-up and calibration of the instrument

Parameters: stirrer, 900 rpm; polarization voltage, 0.7 V, data recording interval, 0.1 s; electrolyte solution,
1 M KCJ;

Prior to starting experiments, the electrode was mounted and the chamber assembled on a daily basis. Then, a
two-point oxygen calibration in distilled water was performed using an excess of Na;S;04 (one spatula tip) to
deplete oxygen (52042~ + Oz + H20 = HSO4~ + HS03-)."*® After one day of measuring or when noise increased,
the Ag/AgCl anode was polished.

Detection of mitochondrial respiration

Respiration buffer was added to the chamber set to 37 °C. After detection of a stable baseline, mitochondria

suspended in MSS were added using standard plastic pipettes. The volume of the chamber was 1 mL after
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addition of mitochondria. The chamber was then closed airtight and substances were added using a Hamilton
syringe.
Table 3 | Addition of substances for respiration measurements with the Hansatech Oxygraph Plus. Final volume, 1 mL; MHM, mouse

heart mitochondria; PM, pyruvate and malate; r, rotenone; S, succinate; H,-duroQ, duroquinol; asc, ascorbate; A, ADP; sample,

CoQ/solvent control/inhibitor; *concentration variable

Complex | MHM Temperature: 37 °C
Stock solution 05M 0.1 M 1 uM*
Volume (uL) 5-20 10 10 10
Substance MHM PM ADP sample
Final concentration 200 pg/mL 5mM 1 mM 0.01 uM
Time (min:s) 1:00 3:30 5:00 6:00
Complex I MHM Temperature: 37 °C
Stock solution 0.5 mM 1™ 01 M 1 uM*
Volume (pL) 5-20 1 10 10 10
Substance MHM r S ADP sample
Final concentration 200 pg/mL 0.5 uM 10 mM 1 mM 0.01 uM
Time (min:s) 1:00 2:30 3:30 5:00 6:00
Complex 1l MHM Temperature: 37 °C
Stock solution 80 mM 01 M 1 uM*
Volume (pL) 5-20 10 10 10
Substance MHM Ho-duroQ ADP sample
Final concentration 200 pug/mL 0.8 mM 1 mM 0.01 uM
Time (min:s) 1:00 3:30 4:00 4:45
Complex IV MHM Temperature: 37 °C
Stock solution 0.8 M 02M 0.1 M 1 uM*
Volume (pL) 5-20 5 5 10 10
Substance MHM asc TMPD ADP sample
Final concentration 200 ug/mL 2 mM 0.5mM 1 mM 0.01 uM
Time (min:s) 1:00 2:30 3:30 4:00 4:45

Analysis

Oxygen consumption rate was calculated with OriginLab using linear fitting (after ADP addition), and linear or

exponential-linear (y =p; - e_é + p3 + pyx) fitting (after sample addition, samples were tested for
convergent fit of exp.-lin. Function, usually: linear, controls/CoQ10 and exp.-lin,, HO-CoQ10). Selected time
intervals for CI and CII were: ADP, 30 s after ADP addition until end of interval (i.e. 30 s) and sample, 30 s after
sample addition until 60 s before total O, depletion. For CIII: ADP, 15 s after ADP addition until end of interval
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(i.e. 30 s) and sample, 10 s after sample addition until 20 s before total O, depletion. For CIV: ADP, 15 s after
ADP addition until end of interval (i.e. 30 s) and sample, 10 s after sample addition until 20 s before total O

depletion.

2.13.2 Oxygraph 2k (Oroboros)

Set-up and calibration of the instrument
Parameters: polarization voltage, 0.8 V; gain, 1; stirrer speed, 750 rpm; data recording interval, 2 s; electrolyte
solution, 1 M KCI; O; solubility factor of medium Fy, 0.92 (in consultation with manufacturer).
Before starting experiments, the condition of the setup was judged and calibrated (R1, R0) on a daily basis
using the desired respiration buffer according to the manufacturer’s guideline:116
a. fast, monoexponential rise of oxygen signal upon restarting magnetic stirring (“stirrer test”: stirrers
turned off for 30 s)
b. oxygen signal of the air saturated buffer (R1) is 1-3 pA at sea level and slope of oxygen change
approaching 0 with a noise of ideally + 2 pmol-s->-mL-! (max. + 4)
c. oxygen consumption rate of the electrode (measured after closing the chamber); if it was higher than
4 pmol-s'1'mL-1, the buffer was probably contaminated and exchanged by a freshly thawed aliquot
d. zero oxygen condition of the chamber (R0) was determined from the first measurement where oxygen
was consumed completely (raw signal max. 5% of R1)
If a, b or d were not acceptable, POS (polarographic oxygen sensor) service!l7 including cleaning the gold
cathode, the Ag/AgCl anode, and mounting the electrode with the oxygen-permeable FEP membrane was
executed. Then, background correction values were determined, with minor changes to the manual,118 as
follows: ~ 10 mg sodium dithionite (Na2S204) was dissolved in ~ 2.1 mL Mir05 in a 2-mL tube to minimize air
exposure. The stock solution’s potency was determined by adding 2 pL of the solution to each chamber and
calculating the loss of O; concentration per pL. Titrations were performed manually using a 50-uL. Hamilton
syringe. The calculated volume for each 02 concentration was added and fine-tuned if necessary. The O;
concentrations and recording intervals were: air-saturated (10 min), <100 uM (20 min), <50 uM (20 min),
< 23 M (20 min), O uM (5 min). Excess of NazS204 (100 pL) was added to establish the zero oxygen condition.
Y-intercept of the fitted function for background correction should have an average value of -3 pmol-s-1‘mL-!
(max. -4).
Detection of mitochondrial respiration
Before each measurement 2.25 mL respiration buffer was pipetted into the chamber, the stopper was closed
and excessive buffer was removed from the receptacle leaving 2 mL in the chamber. When the buffer had
equilibrated to 37 °C and the slope of O, change had been <10 pmol-s'*‘mL-1, the measurement was restarted
to record a new experiment. Mitochondria were thawed (yeast mitochondria, YM) and/or stored (MHM) on
ice and prediluted in ice-cold respiration buffer shortly prior to starting the measurement. The final volume
was 120 uL for one or 220 uL for both chambers. A 1:1 mixture of pyruvate (1 M in RB) and malate (1 M in
H»0) was prepared freshly and kept on ice. Rotenone was protected from light, thawed and kept at RT. ADP

was thawed and stored on ice. Duroquinol was prepared according to procedure in section “Quinone



Material and methods 41

reduction” on p. 47. Using Hamilton syringes, mitochondria (500 pL syringe and careful pipetting not to
expose the sample to high shear forces), substrates, ADP and CoQs or inhibitors were added at defined times

according to the tables below. Usually, measurements were stopped after depletion of oxygen in the chamber.

Table 4 | Addition of substances for respiration measurements with the Oroboros Instr. Oxygraph 2k. Final volume, 2 mL; MHM,
mouse heart mitochondria; BHM, beef heart mitochondria; YM, yeast mitochondria; PM, pyruvate and malate; r, rotenone; S,

succinate; A, ADP; sample, CoQ/solvent control/inhibitor; *concentration variable

Complex | MHM Temperature: 37 °C
Stock solution 1 mg/mL 0.5M 0.5M 1 uM*
Volume (uL) 100 20 4 20
Substance MHM PM A sample
Final concentration 50 ug/mL 5 mM 1 mM 0.01 pM*
Time (min:s) 1:00 3:30 08:00 10:30
Complex I MHM Temperature: 37 °C
Stock solution 1 mg/mL 1T mM 1™ 0.5M 1 uM*
Volume (pL) 100 1 20 4 20
Substance MHM r S ADP sample
Final concentration 50 pg/mL 0.5 uM 10 mM 1 mM 0.01 yM*
Time (min:s) 1:00 2:30 3:30 08:00 10:30
Complex I YM Temperature: 30 °C
Stock solution 10 mg/mL 1M 0.5M 1 uM*
Volume (pL) 20 20 4 20
Substance YM S ADP sample
Final concentration 100 pug/mL 10 mM 1 mM 0.01 uMm*
Time (min:s) 1:00 6:30 09:30 11:30

Analysis
The oxygen consumption rate was calculated online using the 1st derivative of the oxygen concentration in 20 s
intervals calculated by DatLab. Average oxygen consumption rates for each condition were calculated as the
mean within 30 or 60 s before the subsequent addition for substrate and ADP-dependent respiration or within
a 3-min interval 1 min before oxygen depletion.
Material

e NazS;04 (sodium dithionite, sodium hyposulfite; Sigma-Aldrich # 71699)

¢ Ammonia solution, 25% (Merck Millipore # 1.05432.1011)

e OroboPO0S-Polishing Powder for cathode cleaning (Oroboros Instr. # 26510-01)

e OroboPOS-Polishing Cloth for cathode cleaning (Oroboros Instr. # 26520-01)

e Mir05 (for instruction and composition, see: 119)

o Taurine (2-aminoethanesulfonic acid; Alfa Aesar # A12403)
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o Lactobionic  acid (4-0-13-D-Galactopyranosyl-D-gluconic acid, Acros Organics

# ACR0167111000 or Aldrich # 153516)

Sodium pyruvate (Sigma, # P2256)

L-(—)-Malic acid (malate, Sigma, # M1000; 1 M in H20 at pH 7 adjusted with KOH, stored at -20 °C)
Succinate (sodium succinate dibasic hexahydrate; Sigma-Aldrich # S2378; 1 M in H20 at pH 7 adjusted
with HC], stored at -20°C)

Duroquinone (2,3,5,6-Tetramethyl-1,4-benzoquinone; Sigma # D223204)

Sodium borohydride (NaBHg4, Sigma-Aldrich # 452882)

N,N,N’,N’-Tetramethyl-p-phenylenediamine dihydrochloride (TMPD, FW 237.17, Acros Organics
#42060050; 200 mM in H;0, stored at -20 °C)

Ascorbic acid (asc, Merck # 1004680100; 800 mM in H20 at pH 7 adjusted with NaOH, stored at -
20°0)

Adenosine 5’-diphosphate monopotassium salt dihydrate (ADP, Sigma, # A5285)

Rotenone (Sigma # R8875; 1 mM in DMSO, stored at -20°C, discarded after thawing)

Malonic acid (Sigma # M1296; 1 M in H;0, add a small volume of water, titrate to pH 6.0 with 5 M KOH
in 2-pL steps, fill up to 1 M, prepared daily)

Atpenin A5 (AA5, CAYMAN # 11898; 1 or 10 mM in DMSO, stored at -20 °C)

Antimycin A from Streptomyces sp. (~ 532 g/mol, Sigma # A8674; 40 mM in DMSO, stored at -20 °C)
Oligomycin from Streptomyces diastochromogenes (FW(A, 65%) 791, (B) 805.1, (C) 775.1; Sigma
#04876; 25 mM in DMSO, stored at -20 °C)

KCN (potassium cyanide, FW 65.12, Sigma # 60178; 100 mM stock solution in RB was stored in
aliquots at -80 °C and discarded after thawing once)

CCCP (carbonyl cyanide 3-chlorophenylhydrazone; Sigma # C2759; 1 mM in DMSO, stored at -20 °C)
Embelin (2,5-dihydroxy-3-undecyl-2,5-cyclohexadiene-1,4-dione; Sigma # E1406)

RB, see p. 23

Oxygraph Plus (Hansatech Instruments)

Oxygraph Software for recording (Version 1.02, Hansatech Instruments)

Oxygraph-2k Series G (02k, Oroboros Instruments Corp; O2k-Core # 10000-02 and O2k-Chambers
#23100-01)

Datlab 7 Software for data recording and evaluation of oxygen consumption rates, OCR (Oroboros

Instruments Corp; Version 7.0.0.1045)

2.14 Determination of free [Ca®*]/[Mg**] with fluorescent ratiometric dyes

When phosphates are present in solutions, free calcium and magnesium concentrations cannot be reliably

calculated. Hence, free magnesium and calcium concentrations needed to be determined experimentally using

the Mg?+ and Ca2* indicators mag-fura-2 and fura-2, respectively (compare Figure 10 a and b). The ratiometric

indicators shift their excitation maxima to shorter wavelengths when binding calcium but maintain their
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emission maximum at 510 nm (c). The excitation wavelengths at 340 and 380 nm were chosen to minimize

cross-excitation of the other species.
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Figure 10 | Ratiometric and fluorescent ca* and Mg2+ sensors. (a) Fura-2 and (b) mag-fura-2, (c) excitation (solid line) and emission

(dashed lines) of fura-2 in its Ca*"-bound (red) and Ca®'-free state (black), vertical lines mark excitation (340 and 380 nm) and emission

wavelengths (510 nm) used for ratiometric analysis shown in (d): change of emission of 340 and 380 nm excitation with increasing free

Ca”* concentrations, circled data points were technical outliers and therefore excluded from the analysis.

The procedure was based on the calibration protocol for Ca2* indicators provided by Thermo Fisher
Scientific.120 Per experiment (calibration of mag-fura-2, calibration of fura-2, Ca2+ concentrations curve in RB)
two solutions were prepared beforehand and stored at -20 or +4 °C: a high calcium or magnesium solution
and a zero calcium/magnesium solution listed below (concentrations are given in mM).
Calibration of mag-fura-2 to determine free Mg+ concentrations:

e Zero Mg solution (RB2.1): 137 KCl, 20 HEPES, 0.1 EGTA, pH 7.21 using KOH

e High Mg solution (RB2.2): 137 KCl, 200 MgCl;, 20 HEPES, 0.1 EGTA, pH 7.21 using KOH

Calibration of fura-2 to determine free Ca2+ concentrations:
e Zero Casolution (RB2.3): 137 KCl, 2.25 MgCl, 20 HEPES, 0.1 EGTA, pH 7.21 using KOH
e High Ca solution (RB2.4): 137 KCl, 2.25 MgCl;, 20 HEPES, 0.1 EGTA, 0.1 CaCly, pH 7.21 using KOH

Ca?* calibration curve for respiration measurements:

e Zero Casolution (RB3.1): 137 KCl, 4 KH2PO4, 2.5 MgCl, 20 HEPES, 0.1 EGTA, pH 7.21 using KOH

e High Ca solution (RB3.2): 137 KCl, 4 KH;PO4, 2.5 MgCl;, 20 HEPES, 0.1 EGTA, 0.1 CaClz,pH 7.21 using

KOH

The pH was adjusted at RT to the second decimal place for all solutions. The pH was measured while stirring
for at least 5 more minutes after the pH had stabilized. Before an experiment the solutions were thawed,
vortexed thoroughly and equilibrated to RT. The pH was verified. After adding 10 pM mag-fura-2 or fura-2, the
solutions were protected from light. The addition of the fluorescent indicators did not influence the pH. The
solutions were diluted serially as specified in Table 5 and Table 6 for mag-fura-2 and fura-2 calibration,
respectively: First, indicated volumes of zero Mg/Ca solutions were pipetted into reaction vials (1.5, 2 or 5 mL
according to total volume). Then, high Mg/Ca solution was added to the first vial and from this predilution, the

indicated volume was transferred into the next dilution etc.
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Table 5 | Serial dilution of Mg>" solutions for mag-fura-2 calibration. Listed are from left to right: final MgCl, concentrations, final free

Mg2+ concentrations calculated with maxchelator,**! the volume of zero Mg solution (RB 2.1) and predilution needed to obtain the

indicated Mg concentration in the same line. High Mg (RB2.2) containing 200 mM MgCl, was diluted serially with zero Mg solution.

Grey, free Mg2+ concentrations not in EGTA buffer range;

MgCl, (mM) [Mg“Jtree (MM)  Zero Mg Predilution (uL) Total volume (uL)
solution (pL)
200 200 0 1300 (high Mg 1300
solution)
15 14.9 2775 225 3000
10 9.95 1000 2000 3000
5 4.97 1900 1900 3800
4 3.97 700 2800 3500
3 2.98 800 2400 3200
25 2.48 400 2000 2400
2 1.98 300 1200 1500
1 0.99 500 500 1000
0.1 0.099 900 100 1000
0.01 0.0099 900 100 1000
0 0 1000 0 1000

Table 6 | Serial dilution of Ca” solutions for fura-2 calibration. Listed are from left to right: final CAaEGTA concentrations, final free ca’

+

concentrations calculated with maxchelator,121 the volume of zero Ca solution (RB2.3 or RB3.1) and predilution needed to obtain the

indicated Ca concentration in the same line. High Ca (RB2.4 or 3.2) containing 0.1 mM CaEGTA was diluted serially with zero Ca

solution. Grey, free Ca” concentrations not in EGTA buffer range;

CaEGTA (mM) [Ca®Jiee (M) Zero Ca** Predilution (uL) Total volume (pL)
solution (pL)
0.1 3.99 0 5500 (high Ca 5500
solution)
0.09 1.29 500 4500 5000
0.08 0.631 500 4000 4 500
0.07 0.376 500 3500 4000
0.06 0.243 500 3000 3500
0.05 0.162 500 2500 3000
0.04 0.107 500 2000 2500
0.03 0.0699 500 1500 2000
0.02 0.0408 500 1000 1500
0.01 0.0181 1000 500 1000
0 0 1000 0 1000
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200 pL of each solution was transferred into black 96-well plates to be measured in technical triplicates.
Solutions without indicator were run in parallel as background controls. The plate was incubated at 37 °C and
its lid removed to detect fluorescence. The plate reader Infinite M200 PRO (Tecan) was set to top reading
mode, a gain of 150, 10 flashes, 40 us integration time and 2 000 um Z-position. First, the single excitation
wavelengths 340 and 380 nm (4 4.5 nm) were detected at 510 nm (+ 10 nm). Then excitation spectra (exc. at
250-450 nm, em. at 510 nm) were recorded.
Analysis
Excitation spectra of dilutions were compared, and dilutions were reliable when an isosbestic point was
visible. Outliers due to measurement errors were excluded from further analysis (see Figure 10 d).
Background-corrected fura ratios were calculated. Since background without fluorescence indicator was
similar for all solutions, high Ca/Mg solutions were chosen to be subtracted. The mean of the background
(F340,8¢ and F3go,sc)™ was subtracted from every single value (Fzs0 and Fzgo)™ F340-F340,8¢ and Fzso - F3s0,86. Then,
BG-corrected fura ratio was determined: ratiocorr = (F340 - F340,86) /(F3s0 - F380,86)-
Fura-2 was calibrated for free Ca%+ concentrations in RB plotting the calculated free Ca%t concentration
(determined with maxchelator;12! only Ca2* concentrations within the EGTA buffering range were included, cf.
Table 6) against the ratiocorr subtracted by the value without free Ca. The data were fitted using the BoxLucas1
function y = a(1 - e-b¥).
Free calcium concentrations were then recalculated inserting ratiocorr into the determined calibration curve.
Then, input CaEGTA concentrations were plotted against the recalculated free calcium concentrations.
Dissociation constants (Kq) were determined using a single excitation wavelength,120 here 340 nm. In a double
log plot, calculated free Ca2* concentrations were plotted against the ratio of (F3ao - F340,min) /(F340,max - F340).
The minimal fluorescence signal Fzsomin was the mean of the fluorescence signal at 340 nm of zero Ca/Mg
solution with the indicator present. The maximal fluorescence signal Fz40max Was the mean of the fluorescence
signal at 340 nm of high Ca/Mg solution with the indicator present. The Kq could then be calculated from the x-
intercept of the linear regression line.
Material and equipment

e Fura-2, pentapotassium salt, cell impermeant (Fisher Scientific # F1200; stock in DMSO)

e Mag-fura-2, tetrapotassium salt, cell impermeant (Fisher Scientific # M1290; stock in DMSO)

e TPEN (N,N,N’,N'-tetrakis(2-pyridylmethyl)ethylenediamine; Sigma # P4413)

e Respiration buffer (RB, see p. 23)

e Black microplate (PS, 96 well, F-bottom (chimney well); Greiner Bio-One # 655076)

e Plate reader (Tecan, Infinite M200 PRO)

m F34086: Fluorescence at exc. of 340 nm (em. 510 nm) of background control (high Ca/Mg solution without
indicator)

F3g08c: Fluorescence at exc. of 380 nm (em. 510 nm) of background control (high Ca/Mg solution without
indicator)
n F340: Fluorescence at exc. of 340 nm (em. 510 nm) of solutions containing indicator

F3g0: Fluorescence at exc. of 380 nm (em. 510 nm) of solutions containing indicator
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2.15 Photometric activity assays of single respiratory chain complexes

Assays were based on the protocol by Frazier et al. (2002).122

Sample preparation

The activity of respiratory chain enzymes was measured using spectrophotometry. Frozen bovine heart
mitochondria were subjected to three freeze-thaw cycles in liquid nitrogen either in hypotonic buffer (25 mM
KPB (pH 7.4), 5 mM MgCl; in a concentration of 1 mg/mL; for CI and CII) or HWS (concentrated stock 30-
40 mg/mL; for CIII) and stored at - 70 °C.

To monitor each complex’ activity without purification of the respective enzyme, only the substrate and
acceptor of the RCC of interest were used. The other RCCs were inhibited. Table 7 is summing up the substances
used for each complex. Measurements were carried out in technical triplicates, at 37 °C in special UV-
transparent 96-well microplates. For fluorescence-based measurements, black 96-well plates with a clear

bottom were used to allow bottom reading.

Table 7 | Substances and conditions for activity measurements of respiratory chain enzymes. Absorption of underlined substances

was followed at listed wavelengths.

Complex I Il 1
Substrate 100 uM NADH 10 mM succinate 20 uM decyl-UQH,
Acceptor 50 uM CoQ1 50 CoQ1 10 uM cytochrome ¢
2.5 uyM rotenone
Inhibitor 10 uM antimycin A ) ) 2.5 yM rotenone
10 uM antimycin A
(other complexes) 1 mM KCN 1 mM KCN
1 mM KCN
Inhibitor ] )
0.2 uM rotenone 5 mM malonate 10 uM antimycin A
(same complex)
Wavelength (nm) 340 280 550

Complex | as NADH:CoQ1 oxidoreductase

NADH:CoQ1 oxidoreductase activity was followed by the loss of NADH absorption at 340 nm: NADH (reduced,
absorbs at 340 nm) + Ht 4+ CoQ1 (oxidized) - NAD+ (oxidized, no absorption at 340 nm) + H;CoQ1
(reduced).

If not indicated otherwise, CI assay buffer contained 10 mM Tris (pH 7.4), 0.1 % (w/v) BSA, 100 uM NADH,
10 uM antimycin A and 1 mM KCN.

a) CI assay buffer and a mixture of CoQ1 and CoQ of interest or ethanol were added to the wells. To account
for rotenone-insensitive activity, for each sample a control containing 0.2 uM rotenone was prepared in
parallel. As a vehicle control, DMSO was added to samples without rotenone. 96-well microplates were
equilibrated for 10 min at 37 °C. Absorption spectra (230-900 nm, 3-nm steps) and a 5-min baseline were
recorded.

b) After addition of 3 pg mitochondria, Complex I activity was followed by the decrease of NADH absorption.
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Complex Il as succinate:CoQ1 oxidoreductase (SQR)

Succinate:CoQ1 oxidoreductase was measured at 280 nm: succinate + CoQ1 (oxidized, absorbs at 280 nm) —

fumarate + H2CoQ1 (reduced).

CII assay buffer usually contained 10 mM Tris (pH 7.4 at 37 °C), 2.5 uM rotenone, 10 mM sodium succinate,

10 pM antimycin A, 1 mM KCN. Changes are noted in figure legends.

a) CII assay buffer was pipetted into the wells and incubated at 37 °C for 10 min. The baseline was recorded
for 3 min.

b) 3 pg mitochondria were added and the baseline was recorded for 10 min.

c¢) The CoQ1 mixture (CoQ1 and CoQ of interest or ethanol) was added and CII activity was measured.

Complex Il as decyl-ubiquinol:cytochrome c oxidoreductase

Decyl-UQHz:cytochrome ¢ oxidoreductase activity was measured by the increase of reduced cytochrome c at

550 nm: decyl-UQH2 (reduced) + cytochrome c (oxidized) = decyl-UQ (oxidized) + cytochrome ¢ (reduced,

absorbs at 550 nm).

CIII assay buffer contained 50 mM KP; (pH 7.4), 1 mM n-dodecyl maltoside, 0.1 % (w/v) BSA, 2.5 uM rotenone

and 1 mM KCN.

a) CIII assay buffer was added to the wells and incubated at 37 °C for 10 min; the baseline was recorded for
3 min.

b) 3 pg mitochondria or 50 mM KP; was added, followed by 3 min of measurement.

c) 15 pM cytochrome cwas added and another 3 min were recorded.

d) Reduced decyl-UQ started the reaction that was followed by cytochrome creduction.

e) A few grains of L-ascorbic acid were put into each well to fully reduce cytochrome ¢ This value can be
subtracted from each data point to analyse the turn-over of cytochrome cover time.

Quinone reduction

A few milligrams of sodium borohydride (NaBH4) were weighed into a 1.5-mL reaction tube and centrifuged to

focus the powdery reducing agent at the bottom of the tube. Ethanolic quinone stock solution (yellow; here:

decyl-ubiquinone) and 0.5 puL of 3 M HCI were added. The solution turned transparent and was centrifuged

(10000 x g, 2 min, RT) to remove excess solid of NaBHs. The supernatant was transferred into a new tube

carefully leaving a layer of solution above the borohydride pellet not to carry any of it into the supernatant.

This procedure was repeated until neither bubbles were formed upon addition of HCI nor a pellet was visible

after centrifugation.

Analysis

Initial linear rates were analysed for all complexes. The dose-response curve of CII inhibition by HO-CoQ10

was fitted with the OriginLab function DoseResp (y=A1+ (A2-A1)/(1+ 100ex0-%-p)) and instrumental

weighting.
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Measuring parameters
Absorption was measured using a plate reader (Tecan, Infinite M200 PRO) set to 37 °C. Before starting the
measurement, the plate was shaken (orbital, 6 mm amplitude) for 5 s. After a delay of 25 s, absorption was
recorded every 15 s using 1 light flash. Kinetics were recorded for 2 h.
Absorption was measured at 340 (+4.5) nm, 280 (£ 2.5) nm, and 550 (+4.5) nm for CI, CII, and CIII,
respectively.
Fluorescence detection: NADH was excited at 340 (+9) nm and emission was collected at 450 (+20) nm
using 1 light flash. The integration time was set to 20 ps and the manual gain to 120.
Material and equipment
e f3-nicotinamide adenine dinucleotide, reduced dipotassium salt (NADH, Sigma # N8129; aliquots of
100 mM stock in H20 were stored at - 80 °C, thawed right before use an exposed to KPB minimal
amount of time)
e Succinate (sodium succinate dibasic hexahydrate; Sigma-Aldrich # S2378; 1 M in H»0 at pH 7 adjusted
with HC], stored at -20°C)
e Decyl-ubiquinone (decyl-UQ; Sigma # D7911; 10 mM in ethanol, stored in liquid nitrogen)
e Cytochrome cfrom equine heart (MW 12,384, Sigma # C2506; 5 mM in H;0)
¢ Rotenone (Sigma # R8875; 1 mM in DMSO, stored at - 20°C, discarded after thawing)
e Malonic acid (Sigma # M1296; 1 M in H;0, add small volume of water, titrate to pH 6.0 with 5 M KOH in
2-puL steps, fill up to 1 M)
e Antimycin A from Streptomyces sp. (~ 532 g/mol, Sigma # A8674; 40 mM in DMSO, stored at -20 °C)
e Qligomycin from Streptomyces diastatochromogenes (Sigma # 04876)
e KCN (potassium cyanide; Sigma # 60178; 100 mM stock solution in KPB or Tris was stored in aliquots
at - 80 °C and discarded after thawing once)

e Bovine serum albumin, fatty acid free (BSA, MW 66k, Sigma # A7030)

o UV-STAR® microplate (96 well, PS, F-bottom (chimney well); Greiner Bio-One # 655076)

o VIEWSEAL sealer, UV-transparent foil for 96 well plates (clear, Greiner Bio-One # 676070)
o 96-well microplate (flat bottom, black/clear bottom, Corning™ # 353219)

o Plate reader (Tecan, Infinite M200 PRO)

2.16 Blue-native-gradient polyacrylamide gel electrophoresis of respiratory chain complexes

The respiratory chain complexes were separated in their native state by blue-native gradient polyacrylamide
gel electrophoresis (BN-gradient PAGE) using an established protocol provided by the working group of Prof.
Dr Martin van der Laan (Department of Medical Biochemistry & Molecular Biology, Saarland University).

Gel preparation

Gradient gels are poured using a Hoefer™ gradient maker (SG30) in combination with a Gilson minipuls®

peristaltic pump starting with 10% and immediately opening the 5% valve to create a continuous gradient.
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After solidifying for 45 min at 4 °C, the stacking gel is layered on top. The gel is cooled until loading the
samples.
Sample preparation
Mitochondria are thawed on ice and spun at maximal speed (~ 21 000 x g) for 10 min (4 °C). The supernatant
is discarded and mitochondria are suspended in 50 pL solubilisation buffer with a 1 mL pipette tip avoiding
bubble formation. To assure a similar degree of solubilisation up-and-down pipetting needed to be equivalent
for all samples. The samples are incubated on ice for 15 min. After centrifugation (21 000 x g, 10 min, 4 °C), the
supernatant is transferred to a new, pre-cooled tube. 5 pl. 10x loading buffer is added and mixed carefully.
Before loading 50 pL of the sample, it is centrifuged for 30 sat 21 000 x g, 4 °C.
Electrophoresis
Lanes are carefully layered with cathode buffer after loading the samples and high molecular weight marker.
The gel is run for about 15 min at 100 V until samples run through most of the stacking gel. Separation is run
at 600 V or at 80 V overnight. Using a water pump and magnetic stirring, the gel is continuously cooled to 4°C.
To reduce background staining, the cathode buffer is replaced with fresh cathode buffer without Coomassie
Blue as soon as blue dye front migrated halfway through the gel.
Material

e 3xgel buffer: 200 mM e-amino n-caproic acid, 150 mM Bis-Tris/HCl pH 7.0

e Acrylamide: 96 g acrylamide, 3 g bis-acryl, in 200 mL (49.5% T, 3% C)

e 5% acrylamide: 3 mL 3x gel buffer, 0.91 mL acrylamide, 38 pL 10% APS, 3.8 uL. TEMED, 5.014 mL H,0

e 10% acrylamide: 3 mL 3x gel buffer, 1.82 mL acrylamide, 1.8 mL glycerol, 30 uL 10% APS, 3 uL. TEMED,

2.347 mL H20
e Stacking gel (4% acrylamide): 2.5 mL 3x gel buffer, 0.6 mL acrylamide, 30 uL. 10% APS, 3 uL. TEMED,
4.367 mL H,0

e 10xanode buffer: 500 mM Bis-Tris/HCl pH 7.0

e 10x cathode buffer: 500 mM Tricine pH 7.0, 150 mM Bis-Tris, 0.2% Coomassie Brilliant Blue G-250

¢ Loading dye (10x): 100 mM Bis-Tris, pH 7.0, 500 mM e-amino n-caproic acid, 5% (w/v) Coomassie
Brilliant Blue G-250

e Solubilisation buffer: 10 g/g° digitonin (1%) or 1.6 or 2 g/g DDM (n-dodecyl 3-D-maltoside), 20 mM
Tris/HCl, pH 7.4, 0.1 mM EDTA, 50 mM NacCl, 10% glycerol, 1 mM PMSF (0.1 M in isopropanol, - 20°C)

e n-Dodecyl 3-D-maltoside (DDM, Sigma-Aldrich # D4641)

¢ Digitonin (Matrix Bioscience # 60105; 5% in H>0, heated to dissolution (< 100°C), stored at 4°C)

e High molecular weight marker (GE Healthcare)

e Hoefer gel system (SE600 series)
e Hoefer™ gradient maker SG30

e Gilson minipuls® 3

o g/g, mass of detergent per mass of mitochondrial protein
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2.17 Western Blot
The protocol was provided by and western blot was performed with Dr Karina von der Malsburg (Department
of Medical Biochemistry & Molecular Biology, Saarland University).
PVDF membranes are rinsed in methanol and kept in transfer buffer until further use. The gel is soaked in 1x
SDS-PAGE running buffer for approximately 5 min right before blotting. Proteins are transferred by semi-dry
blotting technique applying 220 mA for 2 h. PVDF membranes are stained with Coomassie Blue staining
solution and the background is eliminated using destaining solution to tag weight marker bands. Using
methanol, the membranes are destained completely prior to blocking in TBS with 5% skimmed milk powder.
Antibody incubations are performed for 1 h at RT or overnight at 4 °C. Washes are performed with TBST
containing 5% skimmed milk powder.
Material
¢ Transfer buffer: 20 mM Tris, 150 mM glycin, 0.02% SDS, 20% methanol
e 10x TBS: 200 mM Tris/HCI (pH 7.5), 1.25 M NaCl
e 10x TBST: 200 mM Tris/HCI (pH 7.5), 1.25 M NaCl, 0.1% Triton X-100
e  SDS-PAGE running buffer: 1.87 M Tris, pH 8.8
e Staining solution: 50% H0, 40% ethanol, 10% acetic acid, 1% Coomassie Brilliant Blue G-250; + a few
mL methanol
¢ Destaining solution: 50% H:0, 40% ethanol, 10% acetic acid; + a few mL methanol
o Antibodies were dissolved in TBST + 5% skimmed milk powder, used dilutions are given in
parenthesis
o Primary polyclonal rabbit antibodies were provided by Prof. Dr Peter Rehling (Department of
Cellular Biochemistry, University of Gottingen)
ATP5B: #4826 (1:5000)
Cox4-I: #1522 (1:500)
Rieske: # 1512 (1:2000)
NDUFBS8: # 3764 (1:4000)
o Secondary antibody: Goat Anti-Rabbit IgG Antibody, HRP conjugate (Millipore # AP187P)

2.18 In-gel activity staining of respiratory chain complexes

To ensure that Coomassie Blue staining does not mask in-gel activity staining, sample buffer contained only
10% of usual Coomassie Blue concentration.’23 Complex I and II activity was measured on the basis of the
protocol from Jung et al. (2000).12¢ After electrophoresis, gels were transferred into containers filled with
10 mM Tris (pH 7.4). The stacking gel was removed and lanes or complexes were cut out to allow different
incubations. In-gel activity staining was performed in well plates appropriate for the size of the gel pieces. To
ensure uniform distribution of the assay buffer, well plates were incubated on a rocking shaker. During

incubation, gel pieces were transferred onto a glass plate to measure formazan staining densitometrically.
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Complex |
Gels were incubated with 140 uM NADH as a Complex I substrate and 1 mg/mL NBT as acceptor. The buffer
was changed from 100 mM to 10 mM Tris/HCI (pH 7.4) to match spectrophotometric assay conditions. The
formazan precipitate was quantified.
Complex I
To measure Complex II activity, 84 mM succinate was used as a substrate. 0.2 mM PMS and 2 mg/mL NBT
were used to detect CII activity. The buffer was changed from 50 mM KPB to 10 mM Tris/HCI (pH 7.4) without
influencing the staining. KCN was omitted since background signals were higher with KCN present. EDTA was
omitted to facilitate planned measurements with added calcium.
Analysis
Bands were quantified using Image Lab™. Background was subtracted and signals were normalized to a
reference signal measured together with the gel to avoid measurement errors due to changes in instrument
settings.
Material
e NADH (#3-Nicotinamide adenine dinucleotide, reduced disodium salt hydrate; Sigma-Aldrich # N8129-
50MG; aliquots of 100 mM stock in H20 were stored at - 80 °C and thawed right before)
e NBT (Nitrotetrazolium Blue chloride; Sigma-Aldrich # N6876-250MG ; 10 mg/mL in H,0 for 1-2 weeks
at 4°C, protect from light;)
¢ Succinate (sodium succinate dibasic hexahydrate; Sigma-Aldrich # S2378; 1 M in H»0 at pH 7 adjusted
with HC], stored at - 20°C)
e PMS (Phenazine methosulfate; Sigma # P9625; 20 mM in H»0 stored at - 20 °C for months, protect
from light)
e Rotenone (Sigma # R8875; 1 mM in DMSO, stored at -20°C, discarded after thawing)
¢ Malonic acid (Sigma # M1296; 1 M in H20, add a small volume of water, titrate to pH 6.0 with 5 M KOH
in 2-pL steps, fill up to 1 M)
e Tris base (Trizma® base; Sigma # T1503)
e Loading dye (10x): 100 mM Bis-Tris, pH 7.0, 500 mM e-amino n-caproic acid (prevents aggregation of
proteins), 0.5% (w/v) Coomassie Brilliant Blue G-250
e Image Lab™ Software, Version 3.0.1 (2010, Bio-Rad Laboratories)

¢ Gel documentation system ChemiDoc™ XRS+ system (Bio-Rad Laboratories)

2.19 Detection of reactive oxygen species

2.19.1 H,0, production assay using Amplex™ UltraRed

Extramitochondrial H,0; production rate was detected using the Amplex™ UltraRed (AUR) assay. In a 96-well
plate (black, clear bottom), 100 pL substrate solution (2 x the final, desired concentration), 50 pL assay buffer
(4 x concentrated stock of AUR, HRP and SOD), and 50 pL mitochondria (4 x concentrated stock, 40 pg/mL)

were pipetted.
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Final concentrations in respiration buffer (RB1) were: 100 pg/mL mitochondria, 50 uM AUR, 0.5 U/mL HRP,
50 U/mL SOD, 10 uM CoQ, 1% solvent (ethanol or water), 0.5 pM rotenone, 5 mM malonate, 10 pM antimycin
A, 1 mM KCN, 5 mM pyruvate/malate, 10 mM succinate, 1 mM ADP.

For mitochondria and the ADP-inhibitor mixture a multichannel pipette, for substrate and assay buffer a

stepper pipette was used.

2.19.2 Extramitochondrial H,0, accumulation using Amplex™ UltraRed
To detect extramitochondrial H20; accumulation, mitochondria were incubated at 37 °C in a 24-well cell
culture plate in absence of AUR and HRP. Every 2 min samples were resuspended, 2 x 50 pL were retrieved,
transferred to a 96-well plate (black, clear bottom) where 50 pL assay buffer (RB1, 100 uM AUR, 1 U/mL HRP)
was preadded shortly before, and fluorescence was recorded. The starting volume was 1.4 mL respiration
buffer (RB1). 0.2 mg/mL mitochondria, 5 mM P/M, 1 mM ADP, and sample (10 pM CoQ, 1% solvent, 10 uM
antimycin A) were added at indicated times.
Measuring parameters
Fluorescene was measured in bottom reading mode using a plate reader (Tecan, Infinite M200 PRO) set to
37 °C. Before starting the measurement, the plate was shaken (orbital, 6 mm amplitude) for 5 s. After a delay
of 5 s, fluorescence was recorded once or every 3 min for 2 h using multiple reads per well (3x3) and the
following parameters: excitation, 535 (+9) nm; emission, 590 (+ 20) nm; gain, 55; number of flashes, 2; lag
time, 40 ps.
Analysis
To calculate the H,0; production rate, AURox traces were differentiated (1st derivative) using 5 data points at
a time and Savitzky-Golay smoothing (2nd order polynomial regression). The maximal production rate was
compared between samples.
Material

o Amplex™ UltraRed reagent (AUR, Thermo Fisher Scientific, Invitrogen™ # A36006)

e Superoxide dismutase from bovine erythrocytes (SOD, Sigma # S7571; 10 kU/mL in H20)

e Peroxidase from horseradish, Type VI-A (HRP, Sigma # P6782 (type VI-A) or # P8415 (type XII))

e Hydrogen peroxide (H202, 30 wt. % in H20, Sigma # 216763)

e RBI1 (seep.23)

e Sodium pyruvate (Sigma, # P2256)

e L-(—)-Malic acid (malate, Sigma, # M1000; 1 M in H,0 at pH 7 adjusted with KOH, stored at - 20 °C)

e Succinate (sodium succinate dibasic hexahydrate; Sigma-Aldrich #S2378; 1 M in H;0 at pH 7
adjusted with HCl, stored at - 20°C)

e Glycerol-3-phoshpate (G3P, Sigma # G7886; 0.9 M in H;0, stored at - 20 °C)

¢ Adenosine 5’-diphosphate monopotassium salt dihydrate (ADP, Sigma # A5285)

¢ Rotenone (Sigma # R8875; 1 mM in DMSO, stored at - 20°C, discarded after thawing)
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e Malonic acid (Sigma # M1296; 1 M in H;0, add a small volume of water, titrate to pH 6.0 with 5 M
KOH in 2-pL steps, fill up to 1 M)

e Antimycin A from Streptomyces sp. (~532 g/mol, Sigma # AB674; 40 mM in DMSO, stored
at-20°0C)

e 96-well microplate (flat bottom, black/clear bottom, Corning™ # 353219)
e Plate reader (Tecan, Infinite M200 PRO)
e Origin 2018.b, Minitool for differentiation

2.19.3 Simultaneous detection of superoxide and oxygen using electron spin resonance spectroscopy
Freshly isolated mitochondria were incubated for 3 min at 37 °C together with the substrate in RB1. Then
trityl, ADP and CMH were added rapidly. The sample was then transferred into a 50-uL glass capillary and

measured immediately.

Measuring parameters

Sample temperature, 37 °C; microwave attenuation, 10 dB; microwave power, 20 mW; modulation amplitude,
0.79G; receiver gain, 60 dB; modulation frequency, 100 kHz; conversion time, 10 s; time constant, 10 ms;
centre field, 3466 G (3 G before trityl signal, 3 G after neighbouring CMH signal); sweep width, 20 G;
microwave frequency, 9.5 GHz;

Analysis

Absorption intensity was quantified as the peak-to-peak height of the first derivative of the absorption
spectrum (Figure 11). The CM radical (nitroxyl radical) absorption intensity was converted using 100 pM
tempol as a standard for nitroxyl radical concentration. According to recent publications!25126 not the
commonly used peak width but the signal height of the oxygen-dependent saturation of the trityl signal was

analysed.

1
|
|
|
| trityl
|
|
|
|

0.343 0.344 0.345 0.346 0.347 0.348
Magnetic field B, (T)

Figure 11 | Comparison of standard CMH measurement (top) to CMH/trityl detection with reduced field sweep width and shortened

time interval (bottom).
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Material

e 4-Hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (tempol, 4-Hydroxy-TEMPO; Sigma # 56516)

e CMH (1-hydroxy-3-methoxycarbonyl -2,2,5,5-tetramethylpyrrolidine, Noxygen # NOX-02.1-50mg;
10 mM in oxygen-depleted water containing 25 uM DF/5 uM DETC, stored in aliquots at - 20 °C)

e Tetrathiatriarylmethyl solution (trityl, 0X0-63, oxygen label, 200 uM aqueous solution, Noxygen
#NOX-15.1-200uM)

e Diethyldithiocarbamic acid sodium salt (DETC, Noxygen # NOX-10.1-1g)

e Deferoxamine methanesulfonate salt (DF, Noxygen # NOX-09.1-100mg)

e RB1 (seep.23)

e Sodium pyruvate (Sigma, # P2256)

e L-(—)-Malic acid (malate, Sigma, # M1000; 1 M in H20 at pH 7 adjusted with KOH, stored at - 20 °C)

e Adenosine 5’-diphosphate monopotassium salt dihydrate (ADP, Sigma, # A5285)

¢ Rotenone (Sigma # R8875; 1 mM in DMSO, stored at - 20°C, discarded after thawing)

e Malonic acid (Sigma # M1296; 1 M in H;0, add a small volume of water, titrate to pH 6.0 with 5 M KOH
in 2-pL steps, fill up to 1 M)

e Antimycin A from Streptomyces sp. (~ 532 g/mol, Sigma # A8674; 40 mM in DMSO, stored at - 20 °C)

e Disposable capillary pipettes with ring mark, Ringcaps® (50 pL, Noxygen # NOX-G.6-MC)
e PT-Capillary, gas permeable capillary (Noxygen # NOX-A.8.2-PT)
e (ritoseal (Noxygen # NOX-A.3-VP)

e Electron paramagnetic resonance spectrometer (Bruker # ESP300, microwave controller # ER048R,
cavity # ST9010N)

e Temperature & Gas Controller BIO-III (Noxygen # NOX-E.4-TGC)

o LilaX to record EPR spectra at 37 °C (in-house software, Gerhard Bracic)

e Medeia to read out EPR spectra (in-house software, Gerhard Bracic)

2.20 Low-temperature EPR of Complex | and Il of the respiratory chain

Sample preparation

BHM in HWS were thawed on ice and subjected to three freeze-thaw cycles using liquid nitrogen. 1.5 mg BHM
were suspended in 130 pl KP; (pH 7.4) and filled into a glass EPR tube using a long plastic tube attached to a
Hamilton syringe to avoid air bubble formation. The samples were frozen stepwise in liquid nitrogen starting
from bottom to top of the tube to prevent bursting of the glass tube due to volume expansion. The sample was
then transferred into the cavity and measured at temperatures between 5 and 40 K. The temperature was
adjusted and maintained accurately by a constant flow of liquid or gaseous helium. To add substrates or
inhibitors, the samples were thawed and 10 pL of a stock solution was added. When increasing concentrations
were added to the same sample, the difference of the already contained and the desired concentration was
added. Mixing was achieved by tapping the tube. The sample was concentrated at the bottom of the tube by
abrupt shaking. Workflow is depicted in Figure 12.
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For Complex |, assay buffer additionally contained 0.1% BSA. For every measuring temperature, a baseline was

recorded with buffer only.
1.5 mg BHM substrate/inhibitor/CoQ
- 3xfreeze-thaw - thaw
- in 130 ul KPB - add 10 ul
- freeze - freeze
E o > )
~sITL . _|
~ ? -
\U

Figure 12 | Addition and measuring protocol of BHM for EPR measurements at low temperature. (a) BHM were lysed and transferred

into a glass tube in a volume of 130 plL assay buffer, sample was frozen and a spectrum recorded. After recording, the sample was
thawed and substances were added in a volume of 10 uL thereby increasing the sample volume by 10 pL for every addition. (b) Upon
freezing the sample a spectrum was recorded and measurements originating from one sample were plotted in one diagram from

bottom (first measurement) to top (last measurement).

Measuring parameters

Sample temperature, 8-9 K; microwave attenuation, 15 dB; microwave power, 6.331 mW; modulation
amplitude, 3 G; modulation frequency, 100 kHz; sweep width, 800 G; conversion time, 81.92 ms; time constant,
41 ms; centre field, 3366 G; microwave frequency, 9.43 GHz;

For each measurement of a sample 12 and in case of buffer controls 24 scans were summed up.

Analysis

Baselines were corrected using Xepr on a Silicon Graphics 02 workstation and a polynomial fit to signal-free
regions of the EPR spectra. Then, background correction was performed by subtracting the buffer control from
the sample spectra, taking into account the number of scans.

Absorption signals were first marked as indicated in Figure 13. Then signals presumably appearing at the same
g-factor were colour-coded. To identify the peaks, temperature dependence of the signals was analysed and
recorded absorption patterns were compared with patterns of muscle samples, isolated mitochondria and

single complexes found in literature.
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BHM (CI buffer) b BHM + 5 mM NADH c BHM + 10 M rotenone + 5 mM NADH
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Figure 13| Objective spotting of g-factors of all EPR signals. Signals with a g-factor label above traces have a positive and negative

signal portion; when g-factor label is below traces, signals have a positive or negative portion and are marked at the tip.

Material
[ ]

BSA, fatty acid free (bovine serum albumin; Sigma # A7030; 10% (w/v) in water)

3-nicotinamide adenine dinucleotide, reduced dipotassium salt (NADH, Sigma # N8129; aliquots of
100 mM stock in H20 were stored at - 80 °C, thawed right before use an exposed to KPB minimal
amount of time)

Succinate (sodium succinate dibasic hexahydrate; Sigma-Aldrich #S2378; 1 M in H;0 at pH 7
adjusted with HCI, stored at - 20°C)

Rotenone (Sigma # R8875)

Atpenin A5 (AAS5, CAYMAN # 11898; 1 or 10 mM in DMSO, stored at - 20 °C)

Antimycin A from Streptomyces sp. (~532 g/mol, Sigma # A8674; 40 mM in DMSO, stored
at-20°0C)

EPR (Elexsys 680, Bruker)

EPR glass tube (inner diameter, 3 mm; Wilmad)

Xepr on a Silicon Graphics 02 workstation for data recording and spectra evaluation (Bruker)
Liquid helium continuous flow cryostat (ESR900, Oxford Instruments)

Microwave frequency counter (5350B, HP Inc.)

Vacuum pump

Medeia for visualisation of spectra (in-house software, Gerhard Bracic)
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3 Results

3.1 Synthesis of HO-CoQ10 in a two-phase system and identification of the main product

Since Coenzyme Q derivatives substituted with a hydroxy instead of a methoxy group on the quinone ring are
not commercially available, the first important step of this work was to synthesize and purify these
compounds in sufficient amounts. The purity was determined and the structure confirmed by mass
spectrometry (MS) and nuclear magnetic resonance spectroscopy (NMR).

The synthesis of HO-CoQ10 in a two-layer system had been established in preceding experiments!0-12
including my master thesis and was started by adding 1 M sodium hydroxide to a solution of CoQ10 in the

organic solvent tetrahydrofuran (THF) (Figure 14 a, left, detailed procedure in section 2.4, p. 24). Synthesis was

easily scalable by using bigger flasks keeping the THF-to-NaOH volume ratio constant.

The alkaline demethylation of one methoxy group of CoQ10 probably follows an Sy2 mechanism (bimolecular
nucleophilic substitution) as depicted in Figure 14 b and suggested for CoQ1l by Bogeski et al., though the
intermediate had not been detected.8 The reaction involves a hydroxide anion attacking the positivated C-atom
at the methoxy position of the quinone ring thereby forming a carbanion intermediate. Upon elimination of the
leaving group methoxide, the quinone structure can be re-established. Due to the lipophilicity of CoQ10, a
biphasic system using a strong organic solvent was advantageous. Even though THF and water are miscible,
increasing the ionic strength of the aqueous phase to 1 M with NaOH results in a biphasic system. As illustrated
in ¢, in NaOH, hydroxy anions are solvated with water molecules by formation of H-bonds. Introducing a layer
of THF, apart from water molecules, some hydroxide can diffuse into the THF phase (as detected by UV/Vis
spectroscopy of the organic layer, data not shown). Since THF does not offer positivated hydrogen atoms for
H-bonding, solvation of HO™ is less effective, thus enhancing its nucleophilicity. The addition-elimination
reaction takes place in the organic phase. Methoxide is cleaved off and migrating to the aqueous phase, might
be protonated by water or will be stabilized by H-bonds from water. Both mechanisms may contribute to the
nucleofugal activity of methoxide as leaving group.

From Figure 14 a it is evident that the reaction takes place in the upper organic phase. The course of the reaction
could be followed by the colour change of this phase from yellow (Coenzyme Q10, left) to red-violet (product
after 1 d incubation, right). In agreement with the colour impression, UV/Vis absorption at 430 nm decreased
and a new band appeared with a bathochromic shift of 100 nm resulting in the reflection of violet light (Figure
14.d, 0 h, CoQ10 before addition of NaOH; 26 h, after incubation with NaOH for 26 h). This bathochromic shift is
typical for the introduction of a hydroxy group to the benzoquinone ring.127.128 The absorption of the quinone
ring at 280 nm declined gradually which was not solely due to appearance of reduced species but also to
deprotonation of the added hydroxy group. The protonation state of the hydroxy group affected the colour: in

neutral or high pH, the solution appeared violet, in low pH yellow-orange (data not shown).
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Figure 14 | Monohydroxy-CoQ10 can be synthesized in a two-phase system consisting of tetrahydrofuran (THF) and 1 M NaOH.
(a) 4 mM CoQ10 dissolved in THF (upper phase) with 1 M NaOH (lower phase) directly after combining the reactants (left) and after 1 d
incubation (Ligﬂ);“ (b) addition-elimination mechanism of CoQ with hydroxide as O-nucleophile and methoxide as nucleofuge (one
representative mesomeric structure of the intermediate carbanion is shown), (c) solvation/H-bonding of hydroxide (left) in aqueous
(NaOH) vs. organic phase (THF) and the leaving group methoxide (right) or methanol after protonation by water; (d) UV/Vis spectra of

1
;

diluted samples (0.1 MM in THF) of the upper reaction layer taken before (0 h) and during incubation with NaOH (1-26 h)

Experimental data are taken from my experiments preceding this thesis as indicated.

1H-NMR, HPLCP-MS/MS and HPLC-UV/Vis showed that after 24 h, even before the educt was consumed, the
product’s synthesis was saturated. Longer incubation times did not enhance the yield but led to more by-
products like open ring structures with carboxylated ends (data not shown).1! After stopping the reaction, the
extracted and dried product mixture was purified using semi-preparative HPLC coupled to a UV /Vis detector
set to maximal quinone ring absorption at 275 nm. Previous mass spectrometry analysis of the product
fraction showed that the isolated product had the anticipated mass of 849 Da. From the reaction mixture the
reactant, CoQ10, and the product, HO-CoQ10, were purified and 'H-NMR spectra were recorded to identify the
compound and to confirm the preservation of its isoprenoid chain during the reaction procedure. Figure 15 a
shows the structure of CoQ10, where chemical shifts and multiplicity of proton signals are specified. From the
overview of absorption spectra (b), it is obvious that signal patterns of CoQ10 and the product are similar in
shape, intensity and position, though methoxy signals at 4 ppm are decreased and shifted by 0.08 ppm (b, c),
and two new signals at 6.5 ppm were detectable in the product (b, d). Besides, all signals of protons in direct
vicinity to the quinone ring (e, methyl group at 5-position; f, first CH; of side chain) shifted in the product,
whereas the proton signals derived from the isoprene side chain did not (g, CH groups and h, methyl groups of

side chain). The proton count did not change for any signal except the methoxy signals (c). Hence, the product

P HPLC, high pressure liquid chromatography
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contains an intact isoprene side chain and is chemically modified at the methoxy position of the quinone ring.
The new singlet signals at 6.05 ppm were shifted and diminished after addition of D0 (dark blue curve in d).
Thus, the H-D-exchangeable signal must be acidic and is likely to derive from a hydroxy group at the quinone
ring. The two shifted methoxy signals in the product showed a peak intensity ratio of 1:2 (c¢) and the new
signals of 2:1 (d). Furthermore, the decrease of the methoxy signals to a total proton count of 3 (¢) and total
proton count of the new signals of 1 (d), suggested the formation of two molecules that were modified at either

the 2- or 3-position of the quinone ring.
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Figure 15 | Changed "H-NMR signals of protons in direct vicinity to the quinone moiety in the isolated product. "H-NMR (CDCls,
500 MHz, internal standard residual CHCI; set to 7.26 ppm); shifting of signals from the educt (CoQ10) to the product (HO-CoQ10) is
highlighted with arrows (c, e, f), proton count normalized to 9 vinyl protons of the side chain (at 5.12 and 5.06 ppm) is stated.

Recordings were performed during my Master thesis (2014).11 (a) Structure and "H-NMR signal assignment of the educt Coenzyme Q10
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from 2-D NMR;"! multiplicity: s, singlet; d, duplet; t, triplet; m, multiplet; (b) comparison of spectra of the educt (cyan), the product
(violet), and the product after addition of D,0 to test for H-D exchange (dark blue); details of H signals (c) methoxy groups attached to
Q shifted by 0.08 ppm, ratio of methoxy signal integrals is specified; (d) hydroxy group attached to Q, ratio of hydroxy signal integral is
specified; (e) methyl group attached to Q shifted by 0.025 ppm, CH, groups of the side chain; (f) first CH, group of the side next to Q
shifted by 0.015 ppm, (g) CH groups of side chain, (h) methyl groups of side chain; Q, quinone ring;

Having purified HO-CoQ10 in sufficient amounts allowed us to definitely confirm the structure of the
anticipated product. The structure was determined using 'H and 13C heteronuclear 2-D NMR. The proton
signal at 6.05 ppm was assigned to a hydroxyl group located at 2- or 3-position of the quinone ring. The
product contained two constitutional isomers. In Table 8 and Table 9, 13C and 1H signals are listed and correlated
signals are given in the same line.

All preparations showed two main products carrying a hydroxy group either at the position 2 or 3 on the
quinone ring. The ratio of 2-HO-CoQ10 to 3-H0-CoQ10 was always 2:1 (Figure 15 ¢, d and Figure 16 b). Dihydroxy
compounds where both methoxy groups were substituted could be detected via LC-MS in some non-purified
samples, but not consistently and only minor amounts. It has been shown that high concentrations of NaOH
and defined, prolonged incubation can produce didemethyl derivatives from fully substituted
dimethoxyquinones.12° Hence, reducing NaOH concentrations to yield a higher NaOH passage to the organic

layer might open up the possibility to synthesize didemethylated CoQ10 derivatives.

Table 8 | 2-D NMR analysis of 2-demethyl CoQ10, i.e. 2-HO-CoQ10 (main product). (a) Structure of CoQ10 for reference and
numbering of C-atoms, (b) C-atom, position of C-atom according to panel a is colour-coded: ring, green; main chain, blue; methyl
groups, grey; §, chemical shift; -, no correlation of B¢ and 1H—signal detected; multiplicity: br s, broad singlet; s, singlet; d, duplet; t,

triplet; m, multiplet; 3H, intensity equals 3 protons; coupling constant J is given in Hertz;

H

a
o

d

o

b H
C atom Oc OH C atom Oc OH
2-OH - 6.53 brs 29 134.93 -
3-OCHj3; 60.25 4.07 s (3H) 30 39.73 1.98 m
1 184.33 - 31 26.70 2.06 m
2 139.22 - 32 124.24 5.11t (7 Hz)
3 137.10 - 33 134.93 -
4 183.95 - 34 39.73 1.98 m
5 140.65 - 35 26.70 2.06m
6 139.33 - 36 124.24 5.11 ¢t (7 Hz)
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7

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

25.10
118.54
137.91
39.71
26.45
123.74
135.30
39.71
26.65
124.10
135.01
39.73
26.70
124.24
134.93
39.73
26.70
124.24
134.93
39.73
26.70
124.24

3.20 d (7 Hz)
4.94 t (7 Hz)
1.98 m
2.06 m
5.05 t (7 Hz)
1.98 m
2.06 m
5.1 t (7 Hz)
1.98 m
2.06 m
5.1 t (7 Hz)
1.98 m
2.06 m
5.1 t (7 Hz)
1.98 m
2.06 m
5.1 t (7 Hz)

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

134.90
39.73
26.70

124.24

134.87
39.73
26.75

124.39

131.24
25.70
17.67
16.01
16.01
16.01
16.01
16.01
16.01
16.01
16.01
16.32
1217

1.98 m
2.06 m
511t (7 Hz)
1.98 m
2.06 m
5.11t(7 Hz)
1.68 s (3H)
1.59s
1.59s
1.59s
1.59 s
1.59 s
1.59 s
1.59 s
1.59 s
1.59 s
1.74 s (3H)
2.04 s (3H)

Table 9 | 2-D NMR data of 3-demethyl CoQ10, i.e. 3-HO-CoQ10 (secondary product). C-atom, position of C-atom according to Table 8

a is colour-coded: ring, green; main chain, blue; methyl groups, grey; 6, chemical shift; -, no correlation of 3¢ and 1Hfsignal detected;

multiplicity: br s, broad singlet; s, singlet; d, duplet; t, triplet; m, multiplet; 3H, intensity equals 3 protons; coupling constant J is given in

Hertz;

C atom Oc OH C atom Oc OH
2-OCH; 60.25 4.06 s (3H) 29 134.93 -
3-OH - 6.51brs 30 39.73 1.98 m
1 183.16 - 31 26.70 2.06 m
2 139.13 - 32 124.24 5.11t(7 Hz)
3 137.00 - 33 134.93 -
4 185.12 - 34 39.73 1.98 m
5 136.16 - 35 26.70 2.06 m
6 143.33 - 36 124.24 5.11t(7 Hz)
7 25.10 3.20 d (7 Hz) 37 134.90 -
8 118.58 4,92t (7 Hz) 38 39.73 1.98 m
9 137.84 - 39 26.70 2.06 m
10 39.71 1.98 m 40 124.24 5.11t(7 Hz)
11 26.45 2.06 m 41 134.87 -
12 123.78 5.05t (7 Hz) 42 39.73 1.98 m
13 135.26 - 43 26.75 2.06 m
14 39.71 1.98 m 44 124.39 5.11 t (7 Hz)
15 26.65 2.06 m 45 131.24 -
16 124.12 5.11 t (7 Hz) 46 25.70 1.68 s (3H)
17 135.99 - 47 17.67 1.59 s
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18 39.73 1.98 m 48 16.01 1.59 s
19 26.70 2.06 m 49 16.01 1.59 s
20 124.24 5.1 t (7 Hz) 50 16.01 1.59 s
21 134.93 - 51 16.01 1.59 s
22 39.73 1.98 m 52 16.01 1.59 s
23 26.70 2.06 m 53 16.01 1.59 s
24 124.24 5.11 t (7 Hz) 54 16.01 1.59 s
25 134.93 - 55 16.01 1.59 s
26 39.73 1.98 m 56 16.32 1.74 s (3H)
27 26.70 2.06 m 57 11.60 2.04 s (3H)
28 124.24 5.1t (7 Hz)

For physiological experiments, it was essential to further purify the product. With each HPLC run, the purity of
the preparation could be increased (Figure 16 a). The HO-CoQ10 content was determined by quantitative NMR
using the hydroxy group at 6.5 ppm as a reference signal: preparation alpha (after 2 runs), 85.3%; gamma
(after 3 runs), 91.4%. When the first CH; group of the side chain at 3.19 ppm was used as a reference, the
calculated purities were 85.4% and 94.3%, respectively. Since not all hydroxy protons might have been visible
due to deprotonation in the potentially acidic solvent CDCl3, the pH-insensitive signal at 3.19 ppm should be
more precise. However, contamination by the reactant CoQ10 can lead to overestimation since their signals
overlap (cf. Figure 15 f). The contamination with CoQ10 was around 2% in preparation gamma, judged from the
two methoxy signals at 3.9 ppm (Figure 16 ¢, gamma). The heights of those signals were equal which is why they
can be clearly attributed to the educt. Taking into account this impurity, the total HO-CoQ10 content of
preparation gamma can be calculated to be 92.3%. Considering the 2:1 ratio of the constitutional isomers, the
product contained 61.5% 2-HO-CoQ10 and 30.8% 3-HO-CoQ10.

The CoQ10 content in preparation alpha was not determinable since more by-products were present (Figure 16
¢, alpha, multiple peaks in methoxy region). The contamination with THF, a component of the mobile phase for
chromatographic fractionation, detected at 3.74 and 1.85 ppm?%* was stable at ~ 0.5% across the preparations
alpha and gamma (¢, marked with *).

When the reaction was purified twice over a semi-preparative RP-HPLC (preparation alpha), at least 15.6% of
the product was not the target compound as confirmed by the multitude of additional signals in the range of
methoxy signal (c, alpha). When 3 purification runs were performed, the product contained only around 5.2%
unknown molecules, that may be attributed to other by-products, impurities of the reactant or salt residues. If

not mentioned otherwise, preparation y was used for all experiments.
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Figure 16 | 2-HO-CoQ10 was the main purified product of HO-CoQ10 synthesis. (a) Preparations were purified with semi-preparative
HPLC coupled to a UV/ Vis detector (275 nm), number of run is listed; mass of injected material: 1st, 25 mg; 2nd, 14 mg; 3rd, 20 mg;
from 2nd and 3rd run preparation alpha and gamma was collected, respectively; (b, c) '"H NMR spectra (CDCl;, 500 MHz) of HO-CoQ10
preparations of increasing purity, completed runs of semi-preparative HPLC were: alpha, 2; gamma, 3; details of (b) hydroxy groups at
2- and 3-position on the quinone ring, integral ratios of 2-OH to 3-OH: alpha, 1.8:1; gamma, 1.7:1; (c) methoxy groups of HO-CoQ10 at
4.05 ppm (violet) and of CoQ10 at 3.9 ppm (cyan), *tetrahydrofuran impurity (3.76 ppm, multiplet), signal of methoxy signals is cut-off

due to magnification to highlight small signals;

3.2 Dissolving of CoQ10 and HO-CoQ10 in aqueous media

Coenzyme Q10 is poorly water-soluble because of its highly lipophilic isoprenoid chain. Therefore, it was
crucial to find a protocol to apply HO-CoQ10 and its control substance CoQ10 on biological samples. Since
CoQ10 is slightly more lipophilic than HO-CoQ10, initial experiments were conducted with CoQ10 and only if
successful with HO-CoQ10, additionally. There are various established methods to enhance the water-
solubility of CoQ10: stock solutions in organic solvents, aqueous3? and solid!3! dispersion, and chemical
modification to name a few.132 Since dissolving CoQ10 in an organic solvent and diluting this stock solution in
buffer is the most straightforward approach, different solvents were tested and observations are summarized
in Table 10.

THF and chloroform were the best solvents for CoQ10; most probably the only limiting factor for the stock
solutions’ concentration is their viscosity. Nevertheless, diluting these in water was not possible as the stock
solution adhered to hydrophobic surfaces like pipette tips and walls of the plastic vial and did not mix with
aqueous solutions.

After heating an inhomogeneous suspension of CoQ10 in DMSO, the formed solution was stable at room
temperature. But as soon as it was added to water, a suspension formed. Even first dissolving CoQ10 in a
strong solvent (here: THF or chloroform) and then diluting with DMSO,°5 did not improve its water solubility.
The only suitable solvent was ethanol: solutions up to 1 mM CoQ10 were stable at RT after heating to ~ 40 °C
and repeated mixing in an ultrasonic bath. Also, higher concentrations could be dissolved but did not stay in
solution after cooling down. Still, the 1 mM stock solution could not be stored conveniently at 4 °C or - 20 °C,
since the substance would have precipitated. Freezing the stock in liquid nitrogen (melting point of
ethanol, - 114.1 °C)?7 was found to be an appropriate method for storage of aliquots: Upon thawing, mixing and

warming up, the substance was redissolved easily.
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Table 10 | Dissolving CoQ10 in organic solvents and performance of stock solutions after dilution in water. /, not tested; n.d., no
characteristic CoQ10 UV/Vis absorption profile detectable; THF, tetrahydrofuran, CHCl;, chloroform, DMSO, dimethyl sulfoxide; SOLN,
solution; (+) hardly dissolved; SUSPN, suspension: +, inhomogenous; ++, homogenous; EMUL, emulsion; (+), not stable as emulsion;
*stock solution sticked to pipette and borders of the vial, drop on surface; **stock solution sticked to pipette, vial bottom and borders;
maximal possible concentration in parenthesis; the right column lists final used CoQ10 concentrations in agueous media from stock

solutions in corresponding solvents from various publications treating primary cells or cell lines with exogenous CoQ10;

RT After heating to 40 °C Dilution in H2O
CoQ10 Stable after Final concentrations of
Solvent SOLN SUSPN EMUL SOLN
(uM) cooling to RT CoQ10 in publications
THF 20-100 + / / n.d.*
CHCls 1-100 + / / n.d.* 50 pM'®, 58 um™**
DMSO 1.25 + + + SUSP 20 pM™®
THF/DMSO 0.5 ++ (+) - - SUSP
(1:5)
CHCIs/DMSO 0.5 ++ +) - - SUSP 50 pM*° (stock in
(1:5) CH3CIIDMSO, 1% viv
DMSO)
Ethanol 1-10 + + + 10 M 122 UM, 10 um™¥’
(4 mM) (1 mM) 1% 10 uM from 5 mM stock ">
etOH
Methanol 10 +? (+) - 200 pm"**

Figure 17 displays the dilution of ethanolic CoQ10 and HO-CoQ10 stock solutions in water. The final
concentration, here and in most of the following experiments, was 1% ethanol. Absorption spectra of 10 uM
CoQ10 show the characteristic quinone absorption peak around 275 nm and absorption of visible light around
400 nm (a). Absorption intensity decreased continuously when the concentration of the CoQ10 stock solution
in ethanol was increased from 1 mM to 4 mM. Even though CoQ10 could be dissolved in ethanol upon
prolonged heating in concentrations up to 4 mM, dilution of these stock solutions in water containing 1%
ethanol demonstrated their decreasing stability. Furthermore, concentrations higher than 1 mM CoQ10 could
be dissolved in ethanol but precipitated after extended periods at RT whereas 1 mM CoQ10 remained in
solution.

CoQ10 concentrations above 10 uM with a maximal solvent concentration of 1% ethanol are difficult to
achieve and solvent concentrations higher than 1% ethanol should be avoided. Studies using higher CoQ10
concentrations by dilution of alcoholic solutions or strong organic solvents (Table 10, right column) are
inconsistent with these observations.

Since concentrated HO-CoQ10 solutions (here: preparation alpha) were stable at RT, higher concentrations of
HO-CoQ10 in 1% ethanol were achievable. The absorption spectra again show the absorption peak at 275 nm
and an absorption band around 600 nm (b). The intensity of the absorption peak at 275 nm doubled when the
dilution was increased from 25 to 50 pM confirming that dissolution was effective. Dilution to 100 uM HO-
CoQ10 resulted in a clear solution that showed a characteristic absorption spectrum though intensity was

above the linear detection limit. Working with HO-CoQ10 (especially the further purified preparation gamma)
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showed that stock concentrations of 10 mM are possible but solution might be incomplete: heating time until
dissolution increased and after centrifugation, the solution near the vial bottom comprised higher colour
intensity. This was not the case for solutions up to 5 mM. Therefore, the maximal concentration for stock

solutions in ethanol chosen was 5 mM HO-CoQ10.

a b
1,01 10 uM CoQ10 in H,0 (1% etOH) 2,04 HO-CoQ10 in H,0 (1 % etOH)
concentration of stock in etOH: final concentrations (concentration of stock):
1 mM, 2 mM, 3 mM, 4 mM 10 uM (1 mM); 25 pM, 50 pM, (10 mM)
= ~15-
=) )
< 2
Py >
% 0,5+ § 1.0
5 8"
2 ;
g 2 2x
< 0,5-
0,04 —— 0,0 \"\~—-f

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 17 | Aqueous solution of CoQ10 and HO-CoQ10. UV/Vis absorption spectra of aqueous solutions of (a) CoQ10 and (b) HO-
CoQ10 (preparation alpha); stock solutions were prepared in absolute ethanol and diluted in water; to obtain a final ethanol
concentration of 1% from each stock solution, additional ethanol was supplied if necessary; (a) 10 uM CoQ10 diluted from stock
solutions of different concentrations; (b) dilutions of HO-CoQ10 from 1 or 10 mM stock solutions, intensity of quinone absorption band

at 275 nm doubled from 25 to 50 pM HO-CoQ10; shown are mean traces of duplicates in panels a and b;

3.2.1 Increased water-solubility of CoQ10 and HO-CoQ10 in a carrier complex with Cholesterol-PEG 600
Using ethanol as the solvent for stock solutions is limiting the maximal concentration in aqueous media to
10 uM and 50 uM for CoQ10 and HO-CoQ10, respectively. To increase the concentration of CoQ10 in aqueous
systems, Cholesterol-PEG 600 (PCS) was tested as a carrier. Cholesterol-PEG 600 (see Figure 18 a) is a water-
soluble derivative of cholesterol with a hydrophilic polyethene glycol chain forming micellar structures.
According to Borowy-Borowski (2004),%¢ two dissolution methods were employed: the melting method,
where CoQ10 and PCS were heated above their melting points in one container, and the solvent method. For
the latter, CoQ10 and PCS were first dissolved in tetrahydrofuran and then mixed with water. The organic
solvent was removed to leave both substances dissolved in water.

A solution of 10 mM HO-CoQ10-PCS (1:3, wt/wt) in water is displayed in Figure 18 b showing the yellow-orange
colour of HO-CoQ10 that turns violet after deprotonation of the hydroxy group by addition of NaOH (c¢). Stock
solutions of both HO-CoQ10 and CoQ10 in water were stable at 4 °C or - 20 °C after thawing. UV /Vis absorption
spectra displayed in Figure 18 d and e show that concentrations higher than 100 uM in water are easily reached
for both substances. Absorption at 275 nm increased by a factor of 2 when concentrations were doubled. In
comparison to dilutions of stocks in ethanol (Figure 17 a), absorption intensities of diluted HO-CoQ10-PCS
stocks were lower (Figure 18 e) because HO-CoQ10 has not been further purified for this preliminary
experiment.

A major disadvantage of PCS formulations was an often unsuccessful dissolving process with both the melting

and the solvent method. The dissolution was checked by filtering the stock solution through a 0.2-pm
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membrane revealing that, repeatedly, a part of the substance was not in solution. The solvent method might
have failed when CoQ10 accumulated in THF during evaporation and lost its equal distribution in the mixture.
Therefore, factors like rotation speed, volume and flask surface area might be critical for the outcome. Using
the melting method, it is crucial to locate CoQ10 and the PCS at the same spot in the vial to achieve proper
admixing. Since CoQ10 is provided as a powder and PCS is highly viscous, transferring and weighing a preset
amount of substance is challenging. This difficulty might be overcome by diluting both substances in a strong

solvent like THF, and then slowly evaporating the solvent to leave the mixture at the bottom of the vial.
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Figure 18 | Aqueous solution of CoQ10 and HO-CoQ10 using Cholesterol-PEG 600 to form nanomicelles. (a) Chemical compostion of
cholesterol-PEG 600: cholesterol, sebacate as a linker, and PEG 600 (polyethylene glycol with an average molecular weight of 600 u, n
around 13 units); (b) stock solution of 10 mM HO-CoQ10-PCS (1:2, mol/mol; HO-CoQ10, reaction mixture) in water and (c) in 0.5 M
NaOH; UV/Vis absorption spectra of dilutions of CoQ-PCS (1:3, wt/wt) stock solutions in water: (d) CoQ10-PCS, 0.016-0.125 mg/mL
CoQ10 corresponds to 18.1-144.8 uM CoQ10; (e) HO-CoQ10-PCS, 0.016-0.125 pug/mL HO-CoQ10; PCS, Cholesterol-PEG 600; HO-CoQ10,
here reaction mixture not purified via semi-preparative HPLC;

3.3 Endogenous detection of HO-CoQ10 and CoQ10 in bovine heart mitochondria
To understand the physiological importance of HO-CoQ10, its occurrence in biological material was to be
clarified. The selected samples therefor were crude mitochondria of bovine heart. Cows, like humans, produce

mainly CoQ with 10 subunits.!4% Thus, the prior purified substance HO-CoQ10 could be used as a standard to

quantify its endogenous content. In contrast, in mice CoQ9 is the main endogenous species which is why
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establishment of HO-CoQ9 production would have been required. Considering the greater sample size of
bovine material (cow heart, ~ 6 kg; mouse heart, ~ 200 mg), working with bovine samples was beneficial. Of
all organs, the heart contains the highest amount of CoQ10.140 Within the cell, CoQ10 is accumulated in
mitochondrial membranes.2! Moreover, the presence of CYP450 and the CoQ-synthome in mitochondria
increases the probability of HO-CoQ10 detection.

3.3.1 Detection and fragmentation of CoQ10 and HO-CoQ10 by mass spectrometry

Ultra-high-pressure liquid chromatography coupled tandem mass spectrometry (UHPLC-MS/MS) was
considered the method of choice to detect endogenous CoQ10. Hence, in a first step, the ionization behaviour
of both CoQ10 and HO-CoQ10 was analysed by direct infusion mass spectrometry (DIMS) using electrospray
ionization in negative and positive ionization mode. To identify the molecule, tandem-mass spectrometry
(MS/MS) was applied to selected ions and molecule-specific fragmentation was analysed.

Unexpectedly, negative ionization of CoQ10 gave a molecular ion peak at a mass-to-charge ratio (m/2) of
862.6887 (Figure 19 a) and not at m/z861.6766, the mass of deprotonated CoQ10.9 The found mass-to-charge
ratio could be assigned to the semiquinone radical anion of CoQ10 by comparing the simulated isotope profile
of its chemical composition, Cs9H9904™, plotted in b (structure in f) to the pattern in a. The highest peak
correlates to the exact mass of the ion consisting of the most abundant isotopes of all atoms. Neighbouring
peaks with decreasing abundance show a difference of m/z 1 corresponding to the incorporation of one 13C
isotope per peak with increasing m/z The abundance of each ion in the mass spectrum correlates to the
natural frequency of the isotopes. In the electron ionization mass spectrum of HO-CoQ10, a molecular ion peak
was found at m/z847.6641 corresponding to its anion (d and g). Fragmentation of the molecular ion from both
CoQ10 (¢, f, h) and HO-CoQ10 (e, g, h) followed the same pattern: First, loss of the methyl group(s) (A(imn/z)
=15) presumably from the methoxy group(s), followed by degradation of the isoprene chain with a base peak

at m/z219.066.

4 The exact mass of CoQ10 is 862.6839 g/mol.
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Figure 19 | CoQ10 and HO-CoQ10 detected in negative ionization mode. (a) Direct infusion mass spectrum of 1 uM CoQ10, (b)
simulated isotope distribution profile of the semiquinone radical anion (SQ"~) of CoQ10 (CsgHg9O,~) for comparison with spectrum in
panel a, (c) MS/MS spectrum of SQ"~ of CoQ10 (m/z 862.40); HCD with NCE of 35%; (d) direct infusion mass spectrum of HO-CoQ10, (e)
MS/MS spectrum of [HO-CoQ10]~ (m/z 847.65); HCD with NCE of 25%;

(f-g) Exact mass (g/mol; mass of entire depicted structure in bold), potential structures of ionized molecules and fragments (dashed
lines indicate cleaved bonds, fragment mass is indicated below fragmentation line): (f) deprotonated semiquinone radical of CoQ10
with an exact mass of 862,6845 g/mol, empirical formula, CsoHqoO,; fragmentation: two CH; groups are lost subsequently; (g)
deprotonated HO-CoQ10, 847.6610 g/mol; empirical formula, CsgHg;0,; fragmentation: loss of CH; group (h) fragmentation pattern of
the didemethyl-CoQ10 fragment derived from CoQ10 or HO-CoQ10 (832.6375 g/mol, Cs;Hg,04): subsequent loss of 8, then 1 isoprene

unit(s), 1 methyl, 1 CH group; m/z, mass-to-charge ratio; HCD,high collision dissociation; NCE, normalized collision energy;

The positive ionization spectrum of CoQ10 showed a base peak of m/z 880.7153 and molecular ion peak of
m/z 863.6876 (Figure 20 a). These can be attributed to the ammonium and proton adduct of CoQ10,
respectively (e). Analogous to CoQ10, positive ionization of HO-CoQ10 led to a base peak of its ammonium
adduct and its less abundant protonated form (c and f). Fragmentation of CoQ10 and HO-CoQ10 resulted in a
neutral loss of 666 u, equivalent to the almost complete loss of the isoprene chain leaving one methyl group

behind (CoQ10: b and e, HO-CoQ10: d and f). Consequently, in contrast to negative ionization mode, in positive
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ionization mode different base peaks are found for fragmented CoQ10 and HO-CoQ10 at m/z197.08 and m/z
183.07, respectively.
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Figure 20 | CoQ10 and HO-CoQ10 detected in positive ionization mode. (a) Mass spectrum of CoQ10, (b) MS/MS spectrum of

[CoQ10]H" (m/z 863.69), HCD with NCE of 35%; (c) mass spectrum of HO-CoQ10, (d) MS/MS spectrum of [HO-CoQ10]H" (m/z 849.68),
HCD with NCE of 35%;

(e, f) Exact mass (g/mol; mass of entire depicted structure in bold), potential structures of ionized molecules and fragments (dashed
lines indicate cleaved bonds, fragment mass is indicated below fragmentation line): (e) CoQl1l0 and (f) HO-CoQ10 proton and

ammonium adducts; fragmentation: loss of complete side chain except for one CH, group; m/z, mass-to-charge ratio; HCD,high
collision dissociation; NCE, normalized collision energy;

3.3.2 HO-CoQ10 but not CoQ10 was temperature-sensitive

It was important to know how heating and storing affects both CoQ10 and HO-CoQ10. Therefore, long-term
stability of the solids was tested after 6 d and at different temperatures, ranging from - 70 to + 37 °C. After
incubation, the substances were reconstituted in ethanol, and the content was determined via UHPLC-MS and
normalized to signals from the samples stored at - 70°C. As can be deduced from Figure 21 a, CoQ10 was not
sensitive to prolonged exposure up to 37 °C. In contrast, HO-CoQ10 was unstable at increased temperatures.
After 6 d of incubation at RT, 30% and at 37 °C, even 92% of HO-CoQ10 was degraded. In contrast,

temperatures up to 60 °C did not affect CoQ10 and HO-CoQ10 content in ethanolic solutions when incubation

time was only 1 h (b).
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Figure 21 | Thermal stability of CoQ10 and HO-CoQ10 as a solid (a) and in an ethanolic solution (b). (a) 6 d incubation of 10 nmol
CoQ10 or HO-CoQ10 (preparation alpha) in glass vials with silicon-sealed lids at different temperatures; samples were kept dark and
reconstituted with 0.2 mL ethanol to yield a 50 uM solution for quantification; (b) 1 h incubation of 250 uL of a 10 uM solution of
CoQ10 or HO-CoQ10 (preparation alpha) in ethanol at different temperatures; (a, b) CoQs were quantified via RP-UHPLC-MS/MS
analysis: CoQ10 was detected in positive ionization mode ([CoQ10]NH,", 880.7146 m/z; RT, 5.04 min; MS/MS, 197.0808 m/z) and HO-
CoQ10 in negative ionization mode ([HO-CoQ10], 847.6618 m/z; RT, 4.56 min; MS/MS, 219.0658 m/z), peak areas were normalized to
samples incubated at (a) - 80 °C and (b) + 4 °C; RT, retention time; MS/MS, mass of ion emerging from fragmentation of the mentioned
ion;

The experiments showed that HO-CoQ10 is sensitive to heat when the substance was exposed for long periods.
Therefore, it is evident that HO-CoQ10 should be stored frozen. Although ethanolic solutions were not

decomposing at 60 °C in a restricted time of 1 h, a more thorough study to evaluate stability as a solid and in
solution is necessary.

3.3.3 HO-CoQ10 as part of mitochondrial membranes

The sample preparation procedure was as follows: 1. sedimentation of crude mitochondrial extract, 2. protein
precipitation and lipid extraction via single phase extraction, 3. contraction of the sample volume by nitrogen
gas flow at 60 °C and reconstitution in a smaller volume, 4. UHPLC-coupled tandem-mass spectrometry with
electrospray ionization.

From crude heart mitochondria isolated from the left ventricle of the beef heart (Figure 22 a), lipids were
extracted by single phase extraction using different solvents. The total ion current chromatogram of an
exemplary lipid extract demonstrates the abundance of ionizable molecules present (b). Hence, extracted-ion
chromatograms were obligatory to analyse the appearance of CoQs. As an internal standard, to compensate for
variable extraction efficiency, the CoQ10 analogue CoQ4 containing 4 instead of 10 isoprene units was utilised
in view of its analogy to the native substance as well as availability and price. Comparing the peak heights of
CoQ ions, for both HO-CoQ10 and CoQ10 the ammonium adduct was the most abundant (c), while for CoQ4
only the protonated species was detectable in positive ionization mode. Even though deprotonated HO-CoQ10
had higher intensity than the deprotonated CoQ10 semiquinone radical, positive ionization was far more
profitable. Hence, signals of ammonium adducts of CoQ10 and HO-CoQ10 and the proton adduct of CoQ4 were
quantified.

For analysis of biological samples, a gradient elution protocol starting with high water content was used to

eliminate components like proteins. The steepness and course of the gradient were established to separate all
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three CoQs. By comparison of the retention time with standards and fragmentation of the selected ion, the

analytes could be clearly assigned in the mitochondrial extract (Figure 22 d, e: ST, standards; DaS, lipid extracts).
Even though for HO-CoQ10 more than one peak at m/z ~866.7020 corresponding to the ammonium adduct
appeared in the EIC (d, DaS), its fragmentation resulted in one peak of m/z 183.0653, corresponding to the
fragment ion of HO-CoQ10, eluting at the same time as the standard HO-CoQ10 identifying the peak at RT
6.8 min. Analogously, CoQ10 could be identified at RT 7.3 min.
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Figure 22 | HO-CoQ10 detected in bovine heart mitochondria. Crude mitochondria were isolated from the left ventricle of the (a)
bovine heart: RV, right ventricle; LA, left atrium; LV, left ventricle. Samples were analysed by UHPLC-MS/MS: (b) total ion current (TIC)
chromatogram of BHM extracted with the dilute-and-shoot method (DaS$), (c) 10 uM CoQ standards, peak heights of detected CoQ ions
in positive and negative ionization mode; positive: H*, H" adduct; NH4", NH4+ adduct; negative: Q, deprotonated quinone; SQ",
deprotonated semiquinone radical; (d, e) extracted-ion chromatograms (EIC) of standards (ST, black line), BHM extracted with DaS
(same sample as in panel b) and fragmentation of analyte: (d) HO-CoQ10 ammonium adduct, fragmentation of HO-CoQ10 proton
adduct with NCE of 35% and extracted-ion at m/z 183.0653, fragment ion of HO-CoQ10; intensity () of chromatograms are magnified

as stated; (e) CoQ10 ammonium adduct, fragmentation of CoQ10 proton adduct with NCE of 35% and extracted-ion at m/z 197.0807;
NCE, normalized collision energy;

The following table provides an overview of expected (exact mass in g/mol) and observed m/z values of all

analytes within this study.

Table 11 | Identified CoQ molecules with observed and theoretical exact masses. Measurement error as delta score, listed are
observed masses of the CoQs in standard solutions and extracts of BHM; n.d., not detectable

Standards Extracts
Compound Composition Exact mass Observed Error Observed Error

(g/mol) mass (m/z) (ppm) mass (m/z) (ppm)
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[CoQ10]H" Cs9HgoO4.H 863.6912 863.6887 -2.89 863.6902 -1.16
[CoQ10]NH," Cs9HgpO4.H4N 880.7177 880.7149 -3.18 880.7154 -2.61
[CoQ10]™ Cs9HgoO4 862.6845 862.6876 3.59 862.6867 2.55
CoQ10 fragments

H* C1oH1204.H 197.0808 197.0806 -1.01 197.0807 -0.51
NH," C10H1204.H4N 214.1074 n.d.

Q C12H1104 219.0663 219.0656 -3.20 219.0661 -0.91
[HO-CoQ10]H" CssHgsO4.H4N 849.6755 849.6734 -2.47 n.d.
[HO-CoQ10]NH,* CsgHgs04.Hy4N 866.7021 866.6996 -2.88 866.702 -0.12
[HO-CoQ10]” CsgHs704 847.6610 847.6640 3.54 847.6720 12.98
HO-CoQ10 fragments

H* CoH1004.H 183.0652 183.0652 0 183.0653 0.55
NH," CoH1004.H4N 200.0917 n.d.

Q C12H1104 219.0663 219.0661 -0.91 219.0657 -2.74
[CoQ4H" Ca9H4204.H 455.3156 455.3143 -2.86 455.3150 -1.32
[CoQ4]NH," Ca9H4204.H4N 472.3421 n.d.

[CoQ4]~ Ca9H4204 454.3089 454.3089 0

Table 12 compares extraction efficiencies of different extraction solvents. Values do not reflect endogenous
concentrations because concentrations were normalized to 100 uM CoQ control solutions undergoing the
same procedure as the samples and not using a calibration curve. All tested solvents (methanol, ethanol, 1-
propanol, 2-propanol, acetonitrile) extracted both CoQ10 and HO-CoQ10. Isopropanol was most efficient for
CoQ10 extraction (11.24 nmol/mg mitochondrial protein) and acetonitrile least efficient (13% CoQ10 of ~
prOH extract). Extracted HO-CoQ10 content, ranging between 0.02 and 0.06 nmol/mg mitochondrial protein,
was more uniform using a variety of solvents. Again, propanol extracts contained more HO-CoQ10 than the
ACN extract (33% HO-CoQ10 of n- and #prOH extracts). Since 2-propanol yielded the highest extraction
efficiencies for both species and is recommended to both extract CoQ10 and precipitate proteins during

sample preparation,141-143 it was chosen as the extraction solvent for further experiments.

Table 12 | Isopropanol was the most efficient extraction solvent for detection of endogenous CoQ from bovine heart mitochondria.

CoQ content in nmol/mg mitochondrial protein was roughly estimated by normalizing to controls of 100 uM CoQ10 and HO-CoQ10 in

2-propanol.

Solvent Methanol Ethanol n-Propanol i-Propanol Acetonitrile
[HO-CoQ10]NH,4" 0.04 0.05 0.06 0.06 0.02
[CoQ10]NH," 3.05 9.75 10.45 11.24 1.48

To improve extraction of CoQs, different parameters have been changed: sample input, use of surfactants,
evaporation temperature, and processing of the extract. To make valid assumptions about the CoQ content per

mitochondrial protein, it is important to make sure that extraction efficiency is independent of the amount of
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mitochondrial input. Decreasing the amount of mitochondrial protein from 10 to 1 mg increased CoQ10

extraction efficiency per mg by a factor of 2.3 (Table 13, 1 mg and 10 mg). Also, HO-CoQ10 recovery increased
but an input lower than 5 mg was very likely below the detection limit. Therefore, CoQ content per mg must be
considered conditionally and has been most probably underestimated.

Since heat stability of HO-CoQ10 at least in solid form (and over prolonged periods) is questionable (cf. Figure
21 a on p. 70), drying the extracts at room temperature was compared to the standard procedure at 60 °C.
Drying temperature affected CoQ extraction efficiency (Table 13, 10 mg and RT). Drying the extract without
heating increased the HO-CoQ10 recovery by 55%, whereas CoQ10 recovery remained constant. Since drying
at RT is time-consuming and HO-CoQ10 can be resistant to higher temperatures depending on incubation time
and state (cf. Figure 21 b), the drying procedure should be revised, and additional experiments concerning the
stability of HO-CoQ10 are necessary. Removing the solvent with a vacuum centrifuge with gentle heating or at
RT would be a time-efficient alternative to drying the extracts under nitrogen flow.

Surfactants solubilise membrane components and have been found to increase recovery of CoQ10 in plasma
samples. 10% Triton X-100 which is able to solubilise both membrane proteins and lipidsi** was shown to
increase CoQ10 extraction efficiency by 37%.145 Replacing 20% of the extraction solvent with a 10% Triton X-
100 solution in water indeed increased detected HO-CoQ10 by 44% (Table 13, Trx and w). However, extraction
efficiency of CoQ10 was not notably enhanced (+ 3% compared to water control). In contrast, recovery of the
internal standard was one of the lowest probably due to foaming that hampered drying massively.

Another, more time efficient and robust approach is the dilute-and-shoot method, where the extract is directly

measured without the intermediate step of contracting the sample volume.46-148 Despite resulting in the

highest HO-CoQ10 to CoQ10 ratio (Table 13, DaS), the lowest extraction efficiencies were found using the
dilute-and-shoot-method. Not only endogenous HO-CoQ10 and CoQ10 but also the internal standard CoQ4 was
affected. Since the sample was not concentrated and in order to keep the volume-to-sample ratio constant, the
extraction volume was 10-times lower than for the standard protocol increasing the plastic surface-to-extract
ratio. Hence, the drastically reduced extraction yield might be due to quinone molecules sticking to plastic
surfaces as has been observed in other studies.1*® To omit this disadvantage, extraction volume and material
should be increased in future experiments. Also, the sample-to-solvent ratio might influence extraction

efficiency since recovery of CoQ4 increased upon reduction of sample input.

Table 13 | Reducing sample-to-solvent ratio and drying temperature improved CoQ extraction. CoQ content is given in CoQ10 per
mitochondrial protein (nmol/mg) and was calculated from calibration curves. Different parameters have been changed to improve
extraction efficiency. 1-10 mg, input BHM (mitochondrial protein); 10 mg BHM was the standard sample input if not indicated
otherwise; RT, extract was dried without heating; w, extraction solvent was a mixture of water and 2-propanol (1:4, v/v) as a control for
detergent-treated sample; Trx, extraction solvent was a mixture of 10% Triton X-100 and 2-propanol (1:4, v/v); DaS, dilute-and-shoot

extraction method;

Detected compound 1 mg 5mg 10 mg RT w Trx DaS
nmol CoQ/ mg protein

[HO-CoQ10]NH,* 0.011 0.013 0.009 0.014 0.009 0.013 0.004

[CoQ10]NH,4" 10.173 6.823 4.419 4.627 3.790 3.904 0.526

[CoQ4]H" 0.063 0.060 0.053 0.044 0.044 0.013 0.052
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CoQ normalized to 10 mg (%)

[HO-CoQ10]NH," 122.2 144.4 100 155.6 100,0 144.4 44 .4
[CoQ10]NH4" 230.2 154.4 100 104.7 85.8 88.3 11.9
[CoQ4]H" 118.6 113.1 100 84.3 82.7 24.9 9.9
Portion of HO-CoQ10 of total CoQ10 (%)
HO-CoQ10/CoQ10 (%) 0.11 0.19 0.20 0.30 0.24 0.33 0.75

The extraction efficiency of CoQ4 was correlated with extracted concentrations of endogenous CoQ10 but not
HO-CoQ10 (Table 13, CoQ normalized to 10 mg). This indicates that CoQ4 might not be an adequate internal
standard for HO-CoQ10 detection. More reliable standards for both CoQ10 and HO-CoQ10 are deuterated!5°
and propyl (or ethyl) derivatives synthesized in alkaline propanol (or ethanol)151.152 or CoQs with 9 isoprene
units when endogenous CoQ9 is either stable or not detectable in the samples. Recovery of the analytes needs
to be assessed using samples spiked with CoQ10 or HO-CoQ10 since their extraction efficiencies were not
equally affected. In hindsight, it might be necessary to use one internal standard for each analyte.

Nevertheless, to account for intersample variations using the same protocol, CoQ4 still is a valuable option.

The dilute-and-shoot sample left aside, all CoQ concentrations are in the expected range of 4-10 nmol CoQ10
per mg mitochondrial protein. In heart mitochondria of Bos taurus,'>3 mouse!33-156 and rat57.158 6.5, 3.5-6 and
3-8 nmol CoQ of the main species per mg mitochondrial protein were found. The HO-CoQ10 portion of total
CoQ10 content was between 0.11 and 0.75%. Taking into account the most reliable measurements (5 mg and
RT), the HO-CoQ10 portion amounts to 0.3% of the total CoQ10 pool. Supposing a concentration of 0.3 mg
phospholipids (PL) per mg protein in bovine heart mitochondrial>® and a PL density of ~1 mg/uL,160.161
CoQ10 concentration can be calculated®® to be between 13 and 33 mM in the present sample. Taking into
account the highest detected CoQ10 concentration and assuming a HO-CoQ10 portion of 0.3%, its
concentration in mitochondria was calculated to be 100 puM.

3.4 HO-CoQ10 neither affected cell viability nor proliferation of cancer cell lines

As elaborated in the introduction, Coenzyme Q is involved in many cellular processes that influence cellular
fate. Nothing, however, is known on a potential role of HO-CoQ10 present in small amounts in cell function.
Moreover, there is evidence that a hydroxylated benzoquinone, embelin (2,5-dihydroxy-3-undecyl-1,4-
benzoquinone), limits tumour growth.162163 Hence, it was important to elucidate if and how HO-CoQ10 is
influencing cell viability and proliferation. Incubation was conducted under standard cell culture conditions
(respective cell culture medium; 5% CO3).

To draw a broad picture, different cell lines were tested using the CellTiter-Blue® Assay that measures
metabolic turnover by detecting the reduction of resazurin to resorufin. Measuring the turnover at different
time points during several days reveals the proliferative status of the cells. There was no change in
proliferation and metabolic activity when CoQ10 or HO-CoQ10 was added as ethanolic solutions to the cell

culture medium of a variety of tumour cell lines (Figure 23). Tested cell lines were the melanoma cell line
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MelJuso, Jurkat E6-1 T cells and the cervical cancer cell line HeLa. Noteworthy, 1% ethanol neither affected

proliferation nor metabolic turnover of the cells.

b
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Figure 23 | HO-CoQ10 and CoQ10 did not affect cell viability and proliferation in cancer cell lines. Cells were grown under standard
cell culture conditions and treated with 10 uM HO-CoQ10, CoQ10 or solvent control (1% ethanol, water). Resazurin fluorescence, i.e.
metabolic activity, was normalized to signal of control cells after 2 h (1% water; dashed line at 1 RFU, relative fluorescence unit). Tested
cell lines were (a) Jurkat E6-1 T cells, (b) melanoma cell line MelJuso, and (c) cervix cancer cell line HelLa. Graphs show means + SEM

from triplets of (a, b) 3 or (c) 2 independent experiments.

In order to identify possible effects like apoptosis induction, the stable Jurkat E6-1 T cell line expressing a
fluorescent apoptosis sensor (Jurkat pCasper)!10 was subjected to CoQs. The fluorescent FRETr-sensor Casper-
GR164 (also: CaspeR3) detects caspase activity, one of the first steps of apoptosis induction.165166 Casper-GR
comprises GFP and RFP connected by a linker peptide containing a caspase target sequence. The intact protein
emits green and red light upon excitation of GFP (Figure 24 a). When the linker peptide is cut by activated
caspases, FRET and thereby red fluorescence is lost.

The substances were added prior to the first measurement. In a period of 24 h, every 10 min one image was
taken. Figure 24 b depicts one representative image for each substance at the beginning of the incubation (40
min after sample addition) and after 24 h. Concentrations from 10 nM up to 10 pM CoQ10 and up to 30 uM HO-
CoQ10 have been tested. HO-CoQ10, CoQ10 and 1% ethanol did not induce apoptosis over a period of 24 h
since green fluorescence was not elevated in any sample but the staurosporine control. However, Jurkat T cells

tend to form cell agglomerates, and a more detailed evaluation requires FACS analysis.

r FRET, Forster resonance energy transfer
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Figure 24 | HO-CoQ10 and CoQ10 did not induce apoptosis within 24 h. (a) Emission spectra of Casper-GR FRET signal (dashed line)

and GFP signal after digestion by caspases (solid line), figure reproduced from Shcherbo (2009);162l (b) Jurkat pCasper cells incubated

under standard cell culture conditions; cells were treated with 5 pM staurosporine to induce apoptosis as a positive control, 10 pM HO-
CoQ10 (preparation alpha), CoQ10 or vehicle (1% ethanol); green (GFP signal of pCasper) and red (FRET fluorescence of pCasper)
fluorescence was merged and images after 40 min and 24 h incubation time are shown; images are representative of triplets of 1
independent experiment;

As CoQ have been applied as ethanolic solutions onto whole cells, insufficient distribution of CoQ10 within the
cell might be responsible for the lack of an effect. Within this thesis, it has not been tested how much
exogenously applied CoQ10 and HO-CoQ10 entered the cell. Nevertheless, Duberley et al. (2014)167 detected
50-fold higher levels of CoQ10 in cells incubated with 10 uM ethanolic CoQ10 after 5 d but did not track its
intracellular distribution. Since the substances are highly lipophilic, it is likely that CoQs integrate into the
plasma membrane. Because it is not yet clear where in the cell exogenous CoQ10 will be located, a positive
control for known CoQ10 effects should be included. For example, the protective effect of CoQ10 can be

demonstrated when cells are more susceptible to cell death by inducing apoptosis through serum starvation.*2

3.5 Influence of HO-CoQ10 on mitochondrial respiration

As stated before, the most studied function of Coenzyme Q is its participation in transporting electrons along
and protons across the inner mitochondrial membrane. Therefore, the influence of HO-CoQ10 on respiration of
viable mitochondria was investigated. As a subject, mouse heart mitochondria were chosen because isolation
of these tightly coupled mitochondria was established and thoroughly studied by our cooperation partners
from Prof. Dr Christoph Maack’s group!l* (now Department Translational Science, Universitatsklinikum

Wiirzburg).
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3.5.1 Mitochondrial respiration linked to substrates of respiratory chain complex |, Il, lll, and IV

Respiration was measured with a Clark-type electrode setup as depicted in Figure 25 a. Oxygen present in the
sample chamber diffuses through the gas-permeable membranes into the KCl solution bridging the gold or
platinumt cathode and the silver/silver chloride anode. At the cathode, oxygen is reduced via H20; to OH7, in
return Ag is oxidized forming silver chloride at the anode (compare reactions in b), and the generated current

is detected.

a b
Cathode
H202 + 2e_ — ZOH_
0, | Sample chamber
2 Magnetic stirrer Anode
Electrolyte - -
i > =~ Cathode 4A 4AQT + de
i | 0+
membrane \ O-fing 4Ag* + 4CI- — 4AgCl|

Figure 25 | Oxygen detection by the Clark-type electrode. (a) Principle setup of the used Clark-type electrodes, (b) oxygen electrode

reactions: per O, molecule 4e™ are transferred.

The influence of CoQs on the respiratory chain was dissected by feeding electrons into the four respiratory
chain complexes separately. The protocols were based on Nickel (2015, for Complex 1)114 and guidelines from
Mitochondrial Physiology Network by Oroboros Instruments Corp.t

The addition protocol is illustrated in Figure 26 a: Respiration buffer was equilibrated to 37 °C in the sample
chamber, and then mitochondria were added to reach the desired concentration. The addition intervals of
substances were set long enough to establish a constant oxygen consumption slope. The substrate mixture,
feeding electrons directly to one of the four respiratory chain complexes, was added and a saturating
concentration of 1 mM ADP was supplied to fully activate oxidative phosphorylation (OXPHOS). Then, the
sample substance was added to observe its influence on OXPHOS. To guarantee that the selected substrate
combinations led to electron transfer via the targeted and its downstream complex(es), the inhibitors

rotenone, malonate, antimycin A and KCN of complexes |, 1], I1], and IV, respectively, were applied (b-¢).

Complex | substrates comprised a combination of 5 mM pyruvate and malate (PM, Figure 26 b) since either
substrate alone only achieved less than 3% of PM-linked respiration in rat skeletal muscle mitochondria.168
Pyruvate is taken up by OH™/pyruvate antiport or noncarrier-mediated transport at high concentrations above
5 mM.1%% In theory, Cll-linked respiration should be possible since succinate can be formed from malate
through the citric acid cycle (CAC, Krebs cycle). Nevertheless, succinate oxidation is impeded by the formation
of oxaloacetate,170.171 the reverse reaction of fumarase producing fumarate from malatel72173 and the loss of 2-

oxoglutarate by exchange with malate through the 2-oxoglutarate carrier.174 Additionally, loss of succinate into

s Hansatech Instr., PTFE membrane; Oroboros Instr., FEP membrane
t Hansatech Instr., platinum cathode; Oroboros Instr., gold cathode
u www.wiki.oroboros.at (accessed October 24, 2018)
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the medium and antiport of malate/citrate reduce mitochondrial succinate concentrations.1®® Hence, adding
PM will foremost activate Complex I respiration.169

The Q-binding site inhibitor of CI, rotenone,175176 as well as the inhibitors of CIII and CIV reduced PM-linked
respiration drastically (Figure 26 b). Solely when malonate, a competitive inhibitor of the succinate-binding site
of CII,'77 was added, respiration was not affected confirming that PM-linked respiration was not supported by
CII. Similar behaviour was seen in studies of Lemasters et al. (1984)78 where malonate reduced
glutamate/malate-linked respiration by only 2.5%.

The Complex II substrate succinate is taken up via antiport of HPO42™ (Figure 26 ¢). The addition of rotenone
was necessary to detect Complex II-linked respiration. Reports stated succinate-linked OXPHOS rate to be 50%
of the rate with additional rotenone in human skeletal muscle mitochondria.l’”® In MHM, OXPHOS rate with
succinate only constituted ~25% of OXPHOS rate with succinate and rotenone (data not shown). Rotenone
inhibits NADH-sensitive formation of the competitive CII inhibitor oxaloacetate and reverse electron flow
(RET) from CII to CI with concomitant ROS formation.180.181 Figure 26 ¢ shows that r/S-linkedv respiration is
specific because it could only be inhibited by the downstream inhibitors antimycin A and cyanide as well as by
the competitive CII inhibitor malonate.

Reduced duroquinone, tetramethyl- p-benzoquinol, is used as a synthetic Complex III substrate.182 Being more
soluble in water and ethanol than CoQ derivatives, it can be used at high concentrations which is required to
achieve a constant respiration rate (compare d using 0.8 mM duroquinol and Figure 30 ¢ where 100 puM
duroquinol was consumed after 2.5 min). As predicted, just antimycin A and cyanide inhibited duroquinol-
induced respiration. Moreover, oxygen consumption with duroquinol was no artefact due to its preparation
with the reductant NaBHs producing H; in presence of water which then could react with dissolved Ox.
Application of ethanol treated the same way as the duroquinol sample did not alter oxygen concentration in
the chamber (data not shown; cf. quinone reduction procedure on p. 47).

TMPD, tetramethyl-p-phenylenediamine, was used to reduce cytochrome ¢ which transfers electrons to CIV
(e). The addition of ascorbate (asc) is necessary to inhibit TMPD autoxidation. Since oxidation of TMPD in
presence of ascorbate in respiration buffer was negligible (asc + TMPD + ADP was ~ 1% of OXPHOS, data not
shown), subtraction of the background was omitted. Inhibitors of upstream complexes did not affect CIV-

linked respiration, whereas cyanide inhibited oxygen consumption.

vr/S, rotenone/succinate
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Figure 26 | Mitochondrial respiration measured by directly feeding electrons into Complex |, Il, Ill and IV. Respiration was followed
by the decrease of oxygen concentration using a Clark-type electrode. (a) Pipetting scheme was as follows: 0.2 mg/mL MHM were
incubated at 37 °C in RB1, then complex-specific substrates, 1 mM ADP (A), and inhibitors for RCCs (i) were added subsequently as
indicated. (b) Complex I-linked respiration using 5 mM pyruvate/malate (PM), CAC, citric acid cycle; (c) Complex ll-linked respiration
using 0.5 uM rotenone (r) and 10 mM succinate (S), (d) Complex llI-linked respiration using 0.8 mM duroquinol (H,-D), (e) Complex IV-
linked respiration using 2 mM ascorbate (asc) and 0.5 mM TMPD (T) as substrate cocktails. Inhibitors (i) to block Complex I, II, lll and IV
were 0.5 UM rotenone, 5 mM malonate, 10 uM antimycin A, and 1 mM KCN, respectively. Graphs are representative of 3 independent

mitochondrial preparations with similar trends. Instrument: Oxygraph Plus (Hansatech Instr.);
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3.5.2 HO-CoQ10 inhibited CI-, Cll-, and Clll-linked respiration

Before applying CoQs on mitochondria, their influence on the oxygen signal in air-saturated buffer was
examined. Since ethanol-water solutions have a higher oxygen solubility than water alone,!83.18¢ the oxygen
signal rose rapidly upon application of ethanolic solutions (Figure 27). Oxygen concentration was increased by
6 and 5% after application of ethanol (a) and an ethanolic solution of HO-CoQ10 (b), respectively. Fitting the
experimental data for different percentiles of ethanol from Képpeli et al. (1981),183 addition of 1% ethanol to
an aqueous solution should increase oxygen concentration by 15%. The lower increase of dissolved oxygen in
the shown experiments can be explained by the slightly higher measuring temperature of 37 °C as compared
to the experiments from Kappeli et al. performed at 30 °C since oxygen solubility in ethanol was shown to
decrease with rising temperature.18¢ Oxygen consumption rates were slightly increased after addition of HO-
CoQ10 but also of its vehicle, ethanol, alone. This implies that respiration measurements will not be influenced

by H 0-CoQ10 in the chamber. Hence, CoQ can be used in experiments without altering O; concentration.
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Figure 27 | HO-CoQ10 did not change O, concentration in respiration buffer. Oxygen levels measured with a Clark-type electrode at
37 °C, the addition protocol followed measurement of Complex Il-linked respiration with subsequent addition of 0.5 uM rotenone (r),
10 mM succinate (S), 1 mM ADP (A), and (a) 1% ethanol to RB 1.2 or (b) 10 uM OH-CoQ10 to RB 3.1 without mitochondria addition.
Instrument: O2k (Oroboros Instr.);

As evident from Figure 28, when 200 pg/mL mitochondria were exposed to CoQ10, ethanol or water,
respiration remained unchanged. CI-linked OXPHOS rate was slightly, but not significantly, decreased by
CoQ10 (a, ). Only when HO-CoQ10, in concentrations starting from 5 pM, was applied, CI- and ClI-linked
respiration was inhibited significantly (a, b, e, f). Remaining respiration was 39.6% and 23.0% for CI and CII
(with 5 pM CoQ), respectively. On the contrary, HO-CoQ10 reduced CllI-linked respiration only after a
noteworthy delay (indicated with a dashed line in ¢, remaining respiration 27.6% (g)). Since high
concentrations (800 uM) of duroquinol were needed for Complex IlI-linked respiration, the inhibitory effect of
HO-CoQ10 might be partially masked by oversupply of synthetic Q.

Comparing the redox potentials of duroquinone and CoQs, duroquinol is able to reduce CoQ10 but not HO-
CoQ10 (Epmia vs. Ag/AgNO3 in i-propanol, 185 -0.845 V, -0.71 V and -0.925 V for duroQ/QHz, CoQ10/H2CoQ10
and HO-CoQ10/HO-H;-CoQ10, respectively). Hence, added CoQ10 but not HO-CoQ10 might be present in its
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quinol form during the experiments. Since reapplying duroquinol did not rescue inhibition of CIII-linked
respiration by HO-CoQ10 (cf. Figure 30 c), competition by the high surplus of synthetic Q alone is doubtful.
Though in this case, HO-CoQ10 was applied after consumption of 50% of only 100 uM applied duroquinol. This
opens up the possibility of HO-CoQ10 inhibiting CIII when low concentrations of CIII substrates are present.
Future work should focus on an approach to supply electrons to CIII via endogenous CoQ by its enzymatic
reduction. Attempts to use glycerol-3-phosphate as a reducing equivalent for glycerol-3-phosphate
dehydrogenase were unsuccessful in MHM (data not shown) due to low expression in heart tissue.186.187 Qther
Coenzyme Q reductases are e.g. DHODH (dihydroorotate dehydrogenase) and ETFQOR (electron transfer
flavoprotein oxidoreductase). Nevertheless, it will be important to find a Q reductase activity not affected by
HO-CoQ10.

As expected, HO-CoQ10 did not influence Complex IV-linked respiration (d, h). HO-CoQ10 affected the maximal

oxidative phosphorylation rate of all respiratory chain complexes containing Q-binding sites.
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Figure 28 | HO-CoQ10 inhibited CI-, Cll-, and Clll-linked respiration. Respiration was followed by the decrease of oxygen using a Clark-
type electrode. 0.2 mg/mL MHM were incubated at 37 °C in RB1, then complex-specific substrates, 1 mM ADP (A), and the samples (s;
CoQ or solvent controls) were added subsequently as indicated. (a-d) Representative measurements of the change of oxygen
concentration over time, (e-h) remaining respiration after sample addition OCR, (%) normalized to 100% ADP respiration rate (OCR, =
OCRfter sample/ OCRatter app * 100 (%)); statistical test, one-way ANOVA: *, p £0.05; n.s. p>0.05; (a, e) Complex I-linked respiration using
5 mM pyruvate/malate (PM), (b, f) Complex ll-linked respiration using 0.5 uM rotenone (r) and 10 mM succinate (S), (¢, g) Complex IlI-
linked respiration using 0.8 mM duroquinol (H,-D), the dashed line in panel ¢ marks the delay of HO-CoQ10-induced inhibition; (d, h)
Complex IV-linked respiration using 2 mM ascorbate (asc) and 0.5 mM TMPD (T) as substrate cocktails. Samples (s) were 10 uM HO-
CoQ10 (violet) or CoQ10 (cyan) and 1% ethanol (grey) or water (black). Graphs show means + SEM from 3 independent mitochondrial

preparations. Instrument: Oxygraph Plus (Hansatech Instr.);

Figure 29 shows that respiration on succinate (a) and maximal oxidative phosphorylation (b) was strictly
dependent on the mitochondrial input in the tested range of 12.5 to 200 pg mitochondrial protein/mL (R2 =
0.999). However, after addition of 0.1 pM HO-CoQ10 respiration rate was reduced (c and d). The oxygen

consumption rate normalized to mitochondrial input (O flux/mass in pmol/(s-mg)) showed a typical dose-
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response curve with an IC50 of 64.1 ug/mL and a ratio of 1.56 nmol HO-CoQ10 per mg mitochondrial protein
(o).

Hence, to reach a roughly half-maximal inhibition of OXPHOS respiration of CII, 1.6 nmol (or 1.6 uM) HO-
CoQ10 per mg (or mg/mL) mitochondrial protein is required. Accordingly, when 50 pg/mL mitochondria were
challenged with 0.1 pM HO-CoQ10 (i.e. 2 nmol HO-CoQ10/mg mt. protein), 60% of succinate-linked OXPHOS
was left. In contrast, for 200 pg/mL mitochondria 10 uM HO-CoQ10 (50 nmol HO-CoQ10/mg mt. protein) was
necessary to achieve a similar inhibition. In this case, the ratio of HO-CoQ10-to-mitochondrial protein was 25
times higher compared to 50 pg/mL mitochondria. This discrepancy demonstrates that another parameter,
apart from direct RCC inhibition, must be considered because this observation cannot solely be explained by
the ratio of endogenous CII content to exogenous CoQ. Since CoQ10 is highly lipophilic and either present in
association to proteins, as micellar structures in aqueous environments or primarily in biological membranes,
its distribution within mitochondria might play a major role. This indicates a secondary membrane-dependent

effect of HO-CoQ10.
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Figure 29 | HO-CoQ10-to-mitochondria ratio determines potency of inhibition of Cll-linked respiration. Oxygen consumption of
increasing MHM concentrations (mitochondrial protein in ug/mL) in RB3.1 was measured at 37 °C; O, flux (i.e. oxygen consumption

rate) per volume (closed dots, pmol/(s - mL)) or normalized to mitochondrial input (open circles, pmol/(s - mg)); Cll-linked respiration
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on (a) substrate mixture: 0.5 UM rotenone (r), 10 mM succinate (S), (b) maximal oxidative phosphorylation with 1 mM ADP (A), and (c)
after addition of 0.1 pM HO-CoQ10; (d) remaining oxygen consumption rate (OCR,) in %, normalized to 100% ADP respiration rate;"
Linear fitting for (a) y=7.0612+1.39721x, R?=0.99885 and (b) y=-046517 +4.60852x, R?=0.99987; Logistic function y=A,+ (A;-
A)/(L1+x/%)" () per mass, IC50=64.1 pg, R*=0.99931, A,=452.70825, A,=4234.76717, x,=64.10837, p=>5.64432; per volume,
IC50=110.7 pg, R*=1, A, =5.75979, A, = 950.85975, X, = 110.68283, p=3.51989; and (d) IC50 =62.97751 pg, R*=0.99884, A, =9.70473,
A,=91.65275, x,=62.97751, p=5.88243; Graphs show results from 1 independent mitochondrial preparation. Instrument: O2k
(Oroboros Instr.)

On one hand, neither CoQ10 nor CoQ1 was able to rescue Cl-linked respiration inhibited by HO-CoQ10 (CoQ10,
see Figure 30 a; CoQ1, data not shown), arguing for a non-competitive inhibition mechanism. On the other hand,
CoQ10 itself inhibited respiration at low mitochondrial input, so rescue of HO-CoQ10 inhibition would be
unlikely (cf. Figure 38 c and d on p. 94, further discussed in section 3.6.3, p. 93).

Embelin,* a structural analogue of decyl-UQ, containing two hydroxy groups in ortho-position to the keto
groups and a side chain of 11 C-atoms, was suggested to inhibit the ETC through a light decoupling effect
(structure, see insert in Figure 30 b).163 Embelin inhibited Complex I-linked respiration only at high
concentrations starting from 50 uM applied on 0.2 mg/mL MHM as can be seen in b. Even at a 100-uM
concentration, the inhibition did not seem as stable as with HO-CoQ10 (cf. Figure 28 a, p. 81). Hence, probably
distinct mechanisms are underlying the inhibitory effects of both substances. Using different mitochondrial
concentrations and titration of known uncouplers should clarify this hypothesis. Addition of the uncoupler
should further inhibit mitochondria when uncoupling is the underlying process. However, the remaining
respiration rate was unchanged, when the influence of CCCP was tested on HO-CoQ10-dependent inhibition
(data not shown). It has to be considered, that embelin was dissolved in DMSO and not like HO-CoQ10 in
ethanol which might affect its localisation. Additionally, the solubility of embelin and CoQ10 are very different.
So, comparisons to decyl-UQ, CoQ1 and their hydroxy analogues will be more appropriate as membrane
properties and distribution will be more similar.

When mitochondria, respiring on a low concentration of decyl-ubiquinol, were treated with the CIII inhibitor
antimycin A or HO-CoQ10, respiration could not be reinitiated upon readdition of decyl-ubiquinol. This

indicates that CIII might only be affected at low substrate concentrations or preincubation with HO-CoQ10.

a “ b c
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Figure 30 | Cl inhibition by embelin (c) and impact of Q-readdition on CI- and Clll-linked respiration (b, c). Oxygen consumption of
200 pg/mL MHM in RB1 was measured at 37 °C. (a, b) Cl-linked respiration with 5 mM pyruvate/malate (PM) and 1 mM ADP (A), (a)

W OCR; = OCRatter sample/OCRafter app-100 (%));
x 2,5-dihydroxy-3-undecyl-1,4-benzoquinone
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after application of CoQ or solvent, CoQ10 (or ethanol) was added in 10 pM (10 pL each) portions; (b) application of increasing
concentrations of embelin or vehicle, final concentrations and volumes are designated; (c) Clll-linked respiration using 100 pM
duroquinol (H,-duroQ, stock solution 10 mM in ethanol) as a substrate and 1 mM ADP (A), respiration was inhibited with 10 uM
antimycin A (antiA) or HO-CoQ10; to check if exhaustion of the substrate was responsible for reduced respiration, 50 uM duroquinol

was applied to the control (black), antimycin A-treated (red) and HO-CoQ10-treated (violet) mitochondria. Graphs show results from 1

independent mitochondrial preparation. Instrument: Oxygraph Plus (Hansatech Instr.)

Different application methods to assess the influence of HO-CoQ10 on CI-linked respiration were tested (Figure
31). In all previously presented experiments, CoQs were added after stimulating full oxidative phosphorylation
capacity with substrate and saturating ADP. This protocol allowed the evaluation of the respiratory control
ratio (RCR) of the mitochondrial preparation in every experiment. The RCR ((OCR in presence of saturating
ADP)/(OCR in presence of substrate)) provides a measure of the integrity of the outer mitochondrial
membrane and therefore of the quality of mitochondrial preparations.

When CoQs were added directly after substrates, respiration was reduced by HO-CoQ10 and then was not
responsive to ADP stimulation (Figure 31 a, violet trace). CoQ10 did not affect substrate respiration but reduced
OXPHOS capacity (cyan trace), since oxygen consumption rate after ADP addition was lower than with the
vehicle (ethanol, grey trace) or water (black trace). Ethanol did not influence respiration (grey trace).

In Figure 31 b-d mitochondria were preincubated with CoQ. In b, mitochondria were exposed to CoQ for 1 min
before proceeding the addition protocol. To assess coupling of electron transport to ATP production, RCR was
calculated as mentioned by dividing oxygen consumption rate (OCR) before and after ADP addition.
Respiration was reduced by HO-CoQ10 but still reacted to PM, ADP, and oligomycin treatment. CoQ10-treated
mitochondria were completely uncoupled: Although PM induced respiration at similar rates as in ethanol-
treated mitochondria, respiration could neither be stimulated by ADP nor reduced by oligomycin. This
behaviour is reflected in the RCR of approx. 1 and 2 after CoQ10 and HO-CoQ10 treatment compared to an RCR
of 5 after incubation with ethanol. Increasing the preincubation time to 2 min, inhibition by HO-CoQ10 was
stronger than for CoQ10 (c). However, in this experiment, CoQ10 only slightly uncoupled respiration.

In another approach (Figure 31 d), mitochondria were preincubated with CoQ10/H0-CoQ10 or ethanol in
respiration buffer at 37 °C for 1 h before transfer to the chamber as suggested by Takahashi et al. (2013) for
Co0Q10.18 HO-CoQ10 inhibited respiration that could not be stimulated by PM or ADP, whereas CoQ10
uncoupled respiration but did not suppress it. Only mitochondria incubated with ethanol were stimulated by
PM and ADP but showed a high degree of uncoupling in this measurement. If prolonged incubation with
ethanol or incubation of mitochondria at 37 °C alone led to uncoupling, needs to be examined in further

experiments and control experiments without vehicle.
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Figure 31 | Timing of CoQ application differentially influenced respiration. Cl-linked respiration of 0.2 mg/mL MHM in RB1 was
initiated by 5 mM pyruvate/malate (PM) and 1 mM ADP (A). The sample (s) (10 uM HO-CoQ10, CoQ10 or 1% ethanol) was added at
indicated times. 1.2 pM oligomycin (O) was applied to assess coupled respiration. (a) Application of CoQ before ADP addition;
preincubation of MHM with CoQ in the chamber for (b) 1 min or (c) 2 min prior to substrate addition; (d) MHM were preincubated in
RB1 together with 10 uM HO-CoQ10/CoQ10 or vehicle (1% ethanol) for 1 h at 37 °C before transfer to the chamber; Graphs show

results from 1 independent mitochondrial preparation (pool of (b) 3 and (d) 2 mouse hearts). Instrument: Oxygraph Plus (Hansatech
Instr.), T: 37 °C;
On one hand, CoQ10 showed uncoupling effects when supplied to mitochondria before the ETC was activated

(b, d). On the other hand, CoQ10 slightly reduced respiration when added after ETC substrates (Figure 31 a, and
Figure 28 a).

As outlined before, CoQ10 and HO-CoQ10 are highly lipophilic and therefore experimental design is
challenging. Effects might be diminished by poor and variable solubility (e.g. influenced by ambient
temperature) and uptake by mitochondria. To overcome these issues, water-soluble CoQ10 formulations were
used in many studies.188189

When HO-CoQ10 and CoQ10 were applied in a water-soluble formulation with Cholesterol-PEG (cf. Figure 18, p.
66), respiration was not influenced (Figure 32 a and b). It is not clear if CoQ incorporates into the inner
mitochondrial membrane when it is part of a carrier complex. The complexation with PCS might only be
appropriate for preincubation experiments or oral administration of high concentrations.?6.190

To evade these uncertainties, the small CoQ analogues Coenzyme Q1 and decyl-ubiquinone were tested on CI-

linked OXPHOS (Figure 32 c). As for CoQ10 (see Figure 28, p. 81), respiration rate did not increase even though
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more CoQ was available. This might be due to the fact that the endogenous CoQ10 pool is already saturated as
increased respiration rates with exogenously applied CoQ10 have only been observed in CoQ-deficient

mitochondria.188
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Figure 32 | Water-soluble quinones did not influence respiration. 0.2 mg/mL MHM were measured in RB1 at 37 °C. Complex I-linked
respiration was induced by adding 5 mM pyruvate/malate (PM) and 1 mM ADP (A). The influence of water-soluble quinones was
measured by their addition at the time marked with s (sample): water-soluble formulation of HO-/CoQ10 with Cholesterol-PEG (1:2,
mol/mol; HO-CoQ10, reaction mixture; stock in water) diluted to (a) 10 uM CoQ/20 uM PCS and (b) 100 uM CoQ/200 uM PCS final
concentration; (c) 10 uM small CoQ analogues CoQ1 and decyl-UQ (stocks in 100% ethanol). Graphs show results from 1 independent

mitochondrial preparation (pool of 2 mouse hearts). Instrument: Oxygraph Plus (Hansatech Instr.)

3.6 Ca* potentiated respiratory inhibition by HO-CoQ10

3.6.1 Preliminary data: Ca** amplified HO-CoQ10-linked respiratory inhibition of mitochondria from
different species
All respiration experiments presented until now were conducted in Ca%+-free solutions. Considering the Ca2+
binding and transporting potential of HO-CoQ10,8 its inhibitory effect might have been due to depletion of
mitochondria from Ca?*. In order to test if the inhibition could be evaded under resting cytosolic Ca2+
conditions, calcium chloride was added to the respiration buffer. Adding 200 nM CaCl; to RB1 lacking EGTA
(RB1, detailed composition, see p. 23), the CI- and CllI-linked oxygen consumption rate was drastically reduced
in mouse heart mitochondria in comparison to Ca2+-free conditions (see Figure 33 a and b: solid line, Caz+-free;
dashed line, CaCl; added). The same was true for yeast mitochondria (c-¢), where ~190 nM free Ca%+
(calculated considering concentrations of MgCl;, EGTA, and the ionic strength of the buffer)y was added and
high concentrations of HO-CoQ10 were needed to inhibit respiration (¢ and d, 50 and 10 uM HO-CoQ10,

respectively; e, 10 uM CoQ10 and vehicle control). Extraordinary high HO-CoQ10 concentrations were

necessary because yeast were cultured on respiratory medium upregulating RCC expression.

¥y 190 nM free Ca?* is inaccurate since 20 mM P; was not taken into account when calculating free Ca2*
concentrations.
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Figure 33 | Calcium potentiated the inhibitory effect of HO-CoQ10 on respiration of isolated mouse heart and yeast mitochondria.
Using a Clark-type electrode, the consumption of oxygen by respiration of (a, b) 0.2 mg/mL mouse heart mitochondria in RB1 and (c-e)
0.1 mg/mL yeast mitochondria® in RB4 was monitored at 37 °C. Mitochondria (m), substrate/s, 1 mM ADP (A) and the sample (s,
HO-CoQ10, CoQ10 or 1% ethanol as final concentration) were added at the indicated times. (a) Cl-linked respiration using PM (5 mM
pyruvate and malate) as substrates, (b) Cll-linked respiration using 0.5 uM rotenone (r) and 10 mM succinate (S) as a substrate; (c-e)
ClI-linked respiration using 10 mM succinate (S) as a substrate;*® Graphs show results from 1 independent mitochondrial preparation.
Buffer: (a, b) RB1 (with 0.5 mM EGTA) for Ca’*-free conditions (solid lines) or without EGTA but supplemented with 200 nM CacCl,
(dashed lines); (c, d, e) RB4 with 0.5 mM EDTA for Ca*'-free conditions (solid lines) or with 0.75 uM CaCl, and 0.5 mM EDTA (191.2 nM
free Ca®", dashed lines); instrument: (a, b) Oxygraph Plus (Hansatech Instr.), (c-e) O2k (Oroboros Instr.)

To further investigate calcium dependence of the HO-CoQ10-mediated respiratory inhibition, defined free,
extramitochondrial Ca%+ concentrations had to be set. The used respiration buffers contained high
concentrations of inorganic phosphate (2-20 mM P;). At the cytosolic pH of 7.2,191 potassium dihydrogen
phosphate (KH2PO4) dissociates into dihydrogen phosphate (H2P04) and hydrogen phosphate (HP042-).192
Phosphate (P0O43-), that forms insoluble trimagnesium and tricalcium salts (Mgz(PO4)2 and Caz(P0s4)2), is not
present at neutral pH.1%2 Single and double negatively charged phosphates form monomagnesium and
dimagnesium salts (Mg(H2P04)>, slightly soluble193 and MgHPO4, 1.2 mM at 25 °C,194195 respectively) as well as
monocalcium and dicalcium salts (Ca(Hz2P04)2, ~ 77 mM9 and CaHPO4, 0.4 mM at 25 °C,197 respectively), thus

are modulating free Ca?* concentrations. Since solubility of calcium and magnesium is highly variable

z Yeast mitochondria isolated from Saccharomyces cerevisiae were provided by Florian Wollweber (Department of
Medical Biochemistry & Molecular Biology, Saarland University)

aa To measure ClI-linked respiration of S. cerevisiae mitochondria, application of rotenone is not necessary since
this yeast lacks Complex I.
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depending on buffer composition and may change with formation of metal complexes, free calcium
concentrations needed to be determined experimentally.

3.6.2 P;reduced free Mg** and free Ca** concentrations in respiration buffer

The exact composition of all used respiration buffers (RB) is listed in the material and methods section on p.
23 (RB2 and RB3). Even though for fluorescence-based Ca2+ determinations the use of concentrations higher
than 1 pM fura-2 was not recommended,'?8 10 uM (mag-) fura-2 was used in all experiments because initial
comparisons of 1 and 10 uM fura-2 showed a higher signal-to-noise ratio using 10 pM and no inner filter
effects were observed (data not shown).

Strictly following the calcium calibration protocol for Ca2+ indicators from Thermo Fisher Scientific,120 the
calibration was performed using two solutions of RB2 (in mM: 137 KCl, 20 HEPES; pH 7.21) containing either
10 mM CaEGTA (10 mM CaCl; + 10 mM EGTA) or 10 mM EGTA and the ratiometric calcium indicator fura-2.bb
By mixing these solutions, free calcium concentrations between 200 nM and 40 uM were obtained.

Comparing these solutions with analogous solutions containing 4 mM P; showed that free calcium is drastically
reduced at high CaEGTA concentrations (Figure 34, blue curve). This implies that not only the calculated free
Ca2+ concentration but primarily CaCl, input is relevant for the formation and solubility of Ca-PO4 salts since

affinity of calcium to EGTA might be constricted by presence of P;.
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Accordingly, EGTA concentrations in calibration solutions were reduced to concentrations needed for the
experiments. The EGTA concentration was set to 0.1 mM to assure the lowest impact on free Mg2+. As evident
from Table 14, reducing calcium concentrations decreased free Mg2+ up to 0.9% in 0.1 mM EGTA compared to
3.6% in 0.5 mM EGTA. The lower the calcium concentration the more free EGTA is present that might complex
magnesium. Additionally, P; concentration was increased to 4 mM to assure a saturating P; concentration

needed for oxidative phosphorylation.

bb Fura-2,  2-[6-[bis(carboxymethyl)amino]-5-[2-[2-[bis(carboxymethyl)amino]-5-methylphenoxy]ethoxy]-1-
benzofuran-2-yl]-1,3-oxazole-5-carboxylic acid
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Table 14 | Calculated free Ca*" and Mg2+ concentrations in respiration buffer containing 0.1 mM EGTA and 0.5 mM EGTA. Free ca”
and l\/IgB concentrations were calculated using maxchelator."*! Grey, not reliable free Cab/Mg2+ concentrations because out of EGTA
buffer range; buffer composition (mM): 137 KCl, 20 HEPES, 2.5 MgCl,, EGTA and CaEGTA (0.5 or 0.1 mM EGTA + varying CaCl,

concentrations) as indicated, pH 7.2;

0.5 mM EGTA 0.1 mM EGTA
CaEGTA (mM)  [Caee] (LM) [MGfree] (MM) CaEGTA (mM)  [Caree] (UM) [MGree] (M)
0.5 9.09 2.25 0.1 3.99 2.25
0.45 1.43 2.25 0.09 1.29 2.25
0.4 0.651 2.23 0.08 0.631 2.25
0.35 0.381 2.22 0.07 0.376 2.24
0.3 0.245 221 0.06 0.243 2.24
0.25 0.163 2.21 0.05 0.162 2.24
0.2 0.108 2.20 0.04 0.107 2.24
0.15 0.0699 2.19 0.03 0.0699 2.24
0.1 0.0408 2.18 0.02 0.0408 2.24
0.05 0.0181 217 0.01 0.0181 2.23
0 0 217 0 0 2.23

Presence of metal chelators necessary for fura-2 measurements

Figure 35 reveals that the use of metal chelators like EGTA or EDTA was obligatory to detect calcium and
magnesium with fura dyes. When chelators were omitted (a, d), (mag-) fura-2 already showed an excitation
spectrum of its metal-bound state before any addition of Mg/Ca, hindering the capacity of fura to undergo a
spectral change upon chelation. Only when EDTA was present, (mag-) fura-2 was in its unbound state (g, f,
black line). With increasing Mg/Ca concentrations, the maximal absorption then shifted from 370 nm to 340
nm (¢, f). Even though binding affinities of fura-2 to Ca2* (Kg, 140 nM¢cc)120.198199 gnd furaptradd to Mg2+ (K,
1.5-2 mMee)200-202 gre high, other metals have much higher affinities, such as zinc with a 100-fold2%3 higher
affinity to fura-2 than Ca. To avoid saturation of the indicator by traces of Zn2* or other heavy metals,
application of the chelator TPEN was recommended by the supplier.292 Even 10-fold higher concentrations of
TPEN than suggested were not able to keep fura in its non-chelated form as seen by its maximal absorption at
340 nm (h). Thus, EGTA was always present in calibration solutions, also when free Mg2+/Ca2+ exceeded the

chelator’s buffering capacity.

c 135 nM199 in 100 mM KCl, pH 7.1-7.2, 20°C; 140 nM198 in 100 mM KCl, 10 mM MOPS, pH 7.20, 0-10 mM CaEGTA,
22 °C; 145 nM120 in 100 mM KCl, 30 mM MOPS, pH 7.2, 0-10 mM CaEGTA, 20 °C

dd Furaptra, mag-fura-2

ee 1.5 mM200 in 115 mM KCl, 20 mM NaCl, 10 HEPES, pH 7.05, 37 °C; 2 mM?2%! in 90 mM KCl, 10 mM MOPS, pH
7.2040.02, 0-200 MgCly, 20 °C; 1.9 mM202 in 115 mM KCl, 20 mM NacCl, 10 mM Tris, pH 7.05, 0-35 mM Mg+, 22 °C
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Figure 35 | Presence of metal chelators is essential to detect ca* and ngb using fura-2 related indicators. Fluorescence excitation
spectra at 37 °C of (a, ¢) 10 uM fura-2 and (d, f, h) mag-fura-2 with an emission wavelength of 510 nm in RB2; solutions contained
increasing concentrations of (a, c¢) CaCl, or (d, f) MgCl, in (a, d) absence or (c, f, h) presence of metal chelators; metal chelators are (b)
EGTA for Ca™, (e) EDTA for Mg”*, and (g) TPEN for Zn**. RB2 (mM): 137 KCl, 20 HEPES, pH 7.21 using KOH

Determination of free Mg”* concentration: Free Mg”* concentration was reduced by P,

First, the free Mg2+ concentration in respiration buffer was determined because Mg-P0O4 salts will affect the
free Mg2+ concentration, and the fura-2 dissociation constant for calcium is Mg2+-sensitive (Kq of fura-2 in
presence of Mg, 224 nMff),199

Excitation spectra of Mg2+ calibration solutions in absence of P; are shown in Figure 36 b. The clear isosbestic
point at 349 nm is in agreement with literature values (e.g. 347 nm2°0) and indicates a 1:1 conversion from the
mag-fura-2 ion to its chelated state upon Mg2+ application. The slope of the Hill plot of 1.05 (in c) agrees with a

1:1 binding of Mg2+* to the indicator. From the x-value at y =0, the logarithm of the dissociation constant can

224 nM199 in 115 mM KCl, 20 mM NaCl, 10 mM MOPS, 1 mM free Mg2+, pH 7.05, 37 °C
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be obtained (cf. Figure 37 d). Thus, the Kq of mag-fura-2 for Mg2*+ was determined to be 1.14 mM (mean of 5
calibrations).

The free MgZ+ concentration in respiration buffer containing 4 mM P; (e) could then be calculated using the
calibration line in d ([free Mg2+] = (ratiocorr - 0.27808)/0.18753). Adding P; resulted in chelation of 10% of the
total input of 2.5 mM magnesium defined by the horizontal line in f; free Mg?+ further decreased at high EGTA

concentrations (f).
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Figure 36 | Free [Mg2+] dropped by 10% in respiration buffer (RB) containing P;. Free Mg2+ concentrations were calibrated in RB2 with
10 uM of the ratiometric l\/Ig2+ indicator (a) mag-fura-2 (b-d) in RB2 with 0.1 mM EGTA and increasing MgCl, concentrations. (e, f) Free
[Mgp] was determined in RB2 supplemented 4 mM P;, 2.5 mM MgCl, and EGTA/EDTA.

Measurements were performed at 37 °C. (b, e) Fluorescence excitation spectra, em. 510 nm; (c) Hill plot of fluorescence signal at

340 nm excitation, dashed lines indicate logarithm of Kg (d) mag-fura-2 calibration curve for free [Mgb] (calculated using

121
)

maxchelator using the background-corrected fluorescence ratio (F340-F340y:)/(F380-F380y), i.e. Mg-free conditions were

subtracted, linear fit, y=0.27808 +0.18753x, mean +SEM of single excitation wavelength measurements of 3 independent serial
dilutions; (f) calculated free Mgb concentrations using calibration line (d);
Buffer: RB2 (mM): 137 KCI, 20 HEPES, pH 7.21; (b-d) RB2.1/RB2.2, (e, f) without MgCl,: RB2.7, with MgCl,: RB2.8-RB2.10;

Determination of free Ca®* concentration: Free Ca>* was reduced by P;

To determine free Ca%+ concentrations, 2.25 mM instead of 2.5 mM MgCl; was added to Ca?* calibration
solutions (RB without P;) to mimic free Mg2* concentrations in presence of P; (Figure 36 f, 0.1 mM EGTA).
Increasing CaEGTA concentrations (0.1 mM EGTA, 0-0.1 mM CaCl;) were added and fura-2 fluorescence at a
single excitation wavelength (Figure 37 ¢, 340 nm) or the ratio of 340 to 380 nm (e, g) was evaluated. The
excitation spectra (b) show an isosbestic point at 361 nm.

The log-plot of fura-2 fluorescence and Ca2+ concentration with a slope of 1.44 implies that more than one
Ca?t ion is bound per fura-2 molecule (c). This discrepancy might be due to free Mg2+ concentrations being

more variable than suggested in Table 14. Those values have been listed despite being out of the buffer range of
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EGTA for Mg2+. Nonetheless, the calculated K4fura2 for Ca2+ in RB2.3 with 106.4 nM at 37 °C (mean of 5
calibrations) was near reported values of 140 nMsg at RT in high KCl solutions.198199 However, the dissociation
constant was expected to be higher than the reported 140 nM because temperature increase and presence of
magnesium was shown to be correlated to a decrease of Ca2* affinity of fura-2 analogues?%4 and fura-21%,
respectively.

The calibration curve of free Ca2* in Pi-free respiration buffer (Figure 37 e), calculated from the mean of 3
independent measurements, was used to convert fura-2 ratios in Pj-containing buffers to free Ca2+
concentrations ([Cafree] = (In(1 - ratiocorr/2.89534))/2.87468)) for each CaEGTA concentration (plotted in g).
In f, excitation spectra of respiration buffer containing 4 mM P; and increasing CaEGTA concentrations again
show a clear isosbestic point. However, fluorescence at 340 nm, the absorption peak of calcium-chelated fura-
2, was reduced in comparison to solutions without phosphate (cf. f and b) showing that P; limited free calcium
concentrations. Plotting CaEGTA against calculated free calcium concentrations in g, desired free Ca2*
concentrations were chosen and prepared by dilution to the correlating CaEGTA concentration. Low free Ca2+
concentrations around 50 nM were not influenced by P; concentrations up to 4 mM. Higher Caz+

concentrations were drastically affected by P; (0.08 mM CaEGTA: 1.5 mM P;, reduction of 9%; 4 mM P,

reduction of 29%). At potentially high free Ca2+ concentrations (0.09 mM CaEGTA), measuring errors were

increased due to susceptible Ca?+ complexes and/or exceeding the indicator’s measuring limit (preferable

detection range 0.1-10-K3205).
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Figure 37 | P; reduced free calcium concentrations in respiration buffer (RB). Free Ca”" concentrations were calibrated in RB2 with
10 uM of the ratiometric Ca” indicator (a) fura-2 in (b, c, e) Ca”* calibration solutions with 2.25 mM MgCl,, 0.1 mM EGTA and
increasing CaCl, concentrations. Free [Ca”*] was determined in (f) RB2 with 2.5 mM MgCl,, 0.1 mM EGTA and increasing CaCl,
concentrations supplemented with 4 mM P; and/or (g) 1.5 mM P;.
Measurements were performed at 37 °C. (b, f) Fluorescence excitation spectra, em. 510 nm; (c) Hill plot of fluorescence signal at 340
nm excitation, (d) determination of dissociation constant Ky, (e) fura-2 calibration curve for free [Ca2+] (calculated using maxchelator

using the background-corrected ratio (F340 - F340;5)/(F380 - F3805), i.e. Ca-free conditions were subtracted, fitted with BoxLucasl,

121
)

82 135 nM1®? in 100 mM KCl, pH 7.1-7.2 at 20 °C; 1401°¢ nM in 100 mM KCl, 10 mM MOPS, pH 7.2, 0-10 mM CaEGTA
at22°C
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y=a(l-e™)=2.89534(1- e *¥74%)

serial dilutions; (g) calibration curve (blue): CaEGTA concentration vs. calculated free Ca” concentration in RB supplemented with 4
mM P; (mean of 5 calibrations with instrumental weighting: y:—3.2-10'17+ 1.4x+4.0x* +1 268.4x> -3 1930.6x"* + 296725.5x5) in

, direct weighting, mean +SEM of single excitation wavelength measurements of 3 independent

comparison to 1.5 mM P; (black) or recalculated calibration buffers (red); free [Ca2+] was calculated using background-corrected fura-2

. . . 2+ 2+ . . . . 121
ratios and calibration curve from (e); calculated (orange): free [Ca”"] was calculated for Ca®" calibration solutions using maxchelator;

Buffer: RB2 (mM): 137 KCl, 20 HEPES, pH 7.21; (b, c, e) RB2.3/RB2.4, (f, g) 4 mM P;: RB3.1/RB3.2, 1.5 mM P;: RB2.11/RB2.12 (4 mM P,
replaced with 1.5 mM P;), calibration buffer: RB2.3/RB2.4;

Since free magnesium and calcium concentrations were demonstrated to be dependent on chelator and in
particular on P; concentration, respiration buffers with free Ca2+ were prepared according to the calibration in
Figure 37. CaEGTA concentrations for used free Ca%+ concentrations are listed in the material and methods

section on p. 23 (RB3).

3.6.3 Ca” potentiated respiratory inhibition by HO-CoQ10

Based on the calibration curve displayed in Figure 37 g (blue curve), respiration buffers with defined free Ca2+
concentrations could be prepared to further investigate the influence of extramitochondrial Ca2+ on the
inhibitory effect of HO-CoQ10 on respiration.

Surprisingly, not only HO-CoQ10 but also CoQ10 showed a clear inhibitory effect on mitochondria, when
tested on CI- and ClI-linked respiration at low input of 50 pg/mL mitochondrial protein. This inhibition was
more effective for both HO- and CoQ10 when Ca2+ was present in the extramitochondrial medium.

An extramitochondrial free [Ca?+] of 0.2 pM did not influence Cl-linked respiration (Figure 38 a; grey, dashed
trace in b). Increasing the free calcium concentration to 1 uM drastically reduced substrate- and ADP-
dependent respiration rates and RCRh dropped from 5.8 to 2.5. Since Complex I-linked respiration was
sensitive to high Ca2* concentrations (Figure 38 a), 0.2 uM extramitochondrial calcium should be preferred for
CI experiments. In contrast to these experiments, calcium is known to stimulate mitochondrial energy
production2% and was observed to increase Cl-linked, ADP-stimulated respiration in pig heart2%7 and rat brain
mitochondria2%8 supported by saturating glutamate and malate concentrations. However, calcium did not
influence PM- and r/S-linked respiration in the latter.298 Denton et al. (1980) found reduced oxygen
consumption of rat heart mitochondria in presence of calcium only with saturating substrate concentrations
though did not further investigate this correlation.”®

Looking at individual oxygen consumption traces of Cl-linked respiration, HO-CoQ10 (Figure 38 b, violet trace)
but not the vehicle (1% ethanol, grey trace) hindered mitochondrial respiration, in the course of the
measurement levelling off at a significantly reduced respiration rate. In the presence of 200 nM free Ca2* (b,

violet, dashed trace) oxygen consumption was even more impaired, substantially increasing the time for

complete oxygen consumption of the chamber. 0.1 pM CoQ10 decreased respiration considerably although not
to the same extent as HO-CoQ10 (¢, cyan trace). Presence of calcium reduced respiration drastically. Analysing
several experiments (d), HO-CoQ10 reduced remaining oxygen consumption rate more efficiently than CoQ10

and but was not more sensitive to potentiation via calcium.

hh RCR, respiratory control ratio
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To evaluate the Ca2* effect on CoQ-dependent inhibition, the ratio dividing the remaining respiration rateit in
presence of calcium by the one in absence of calcium was calculated’i for each measurement individually and
plotted in e and f for HO-CoQ10 and CoQ10, respectively. A ratio <1 indicates that calcium is enhancing the
inhibition, whereas a ratio > 1 indicates its attenuation. When 50 or 200 nM free Ca2* was present, CoQ-
dependent inhibition was potentiated in the majority of the cases (dots below 1 in e, f). Increasing
extramitochondrial Ca2* to 1 pM did not potentiate HO-CoQ10-dependent inhibition since Cl-linked

respiration itself was drastically lowered (a).
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Figure 38 | ca® potentiated inhibition of Cl-linked respiration by HO-CoQ10 and CoQ10. Oxygen consumption of MHM was detected
at 37 °C; Cl-linked respiration of 50 ug/mL mitochondrial protein with 5 mM pyruvate/malate (PM) as substrates. The influence of
sample (s) on ADP-dependent respiration (1 mM ADP, A) was tested in absence (solid lines; 0 mM Ca, 0.1 mM EGTA) or presence of
ca” (dashed lines; + ca™, 0.2 UM free Cay) in RB3.1. (a) O, consumption rates with 1% ethanol and different free [ca®; exemplary
traces show the effect of 0.1 uM (b) HO-CoQ10 and (c) CoQ10 on OXPHOS, 1% ethanol as vehicle control; (d) remaining oxygen
consumption rate OCR, (%, normalized to ADP respiration rate) after adding 0.1 uM CoQ; (e, f) potentiation of OXPHOS inhibition by
extramitochondrial free Ca®" for individual experiments expressed as Ca effect on OCR,, the ratio of both OCR, values, with over
without free Ca®* (Ca effect = OCR, .ca/OCR; ¢ ca), When (e) HO-CoQ10 or (f) CoQ10 was present.

Buffer: RB3.1 (mM): 137 KCl, 4 KH,PO,, 2.5 MgCl,, 20 HEPES, 0.1 EGTA, pH 7.21; 0 Ca: RB3.1, +Ca: RB3.1/RB3.2, see p. 23; analysis:

mean + SEM of (a) 1, (d) 2, 4, 2, 3 independent mitochondrial preparations; instrument: O2k (Oroboros Instr.)

In contrast to Cl-linked respiration (Figure 38 a), no decrease of Cll-linked respiration was observed even at
high Ca?+ concentrations up to 1.2 uM (data not shown). The exemplary trace shown in Figure 39 a
demonstrates that 1 pM free Ca?* did not influence respiration. Analogous to CI experiments, upon addition of
HO-CoQ10 and CoQ10 oxygen consumption was reduced and further inhibited by extramitochondrial calcium
(b, c). Looking at the overall effect (d), Cll-linked respiration was less sensitive to CoQ-mediated inhibition

than CI-linked respiration since remaining respiration rate was higher using the same concentration (cf. Figure

ii Remaining respiration rate OCR,, respiration rate after sample application normalized to 100% ADP respiration
rate, OCRr = OCRater sample/ OCRatter app - 100 (%)
ii CaZ+ effect = OCRy, 4+ ca/OCRy, 0 ca
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38 d and Figure 39 d). Also, Ca%* potentiation of CoQ-induced inhibition was less effective even though higher
calcium concentrations could be applied. Independent of the HO-CoQ10 concentration, intermediate calcium
between 0.366 and 1 uM was most effective always leading to a stronger inhibition (e). 200 nM and 1.2 pM
free Ca2+ did not potentiate inhibition in most cases. Inhibition by 0.1 uM CoQ10 was potentiated by 1 uM CaZ?+.

a U}, s: 1% etOH b m s: 0.1 uyM HO-CoQ10 c f,“r s: 0.1 uM CoQ10
- vS v . v
E 200 47 g 200+ 3 200+
c - c
§ 5 g
s ® s
kS ] €
8 1004 S 100 8 1004
c Q s
8 8 8
N S ° N
(] |+ Ca? o ]
O‘ T 1 0‘ T 1 0‘ T 1
0 30 60 0 30 60 0 30 60
Time (min) Time (min) Time (min)
d 0.1 yM CoQ10/HO-CoQ10 e %34 HO-CoQ10 (uM) f %34 CoQ10 (uM)
o o
Q Q
<} <}
o o
—_ o 24 . S 24
X < e
= 52%0 Ca 14 14
o [%] Q
(S o 3 * -
° g 1 g L A %o g 1 *
£ ¢ £ LS
) * )
© - - ©
CrL—r—————— oo T T
011 10010101 1 1001 1 10 0,1 1
Free Ca?* (HM) 0.2 0.366 0.5 1 1.227 M free Ca?* 1 pM free Ca®*

Figure 39 | ca® potentiates inhibition of Cll-linked respiration by HO-CoQ10 and CoQ10. Oxygen consumption of MHM was detected
at 37 °C; ClI-linked respiration of 50 ug/mL mitochondrial protein with 0.5 uM rotenone (r) and 10 mM succinate (S) as substrate; the
influence of sample (s) on ADP-dependent respiration (1 mM ADP, A) was tested in absence (solid lines; 0 mM Ca, 0.1 mM EGTA) or
presence of ca” (dashed lines; + ca’ 1 uM free Ca2+) in RB3.1; exemplary traces show the effect of (a) 1% ethanol as vehicle control,
0.1 uM (b) HO-CoQ10, and (c) CoQ10 on mitochondrial oxygen consumption; (d) remaining oxygen consumption rate OCR, (%) after
adding 0.1 uM CoQ, (e, f) potentiation of OXPHOS inhibition by extramitochondrial free ca** expressed as Ca effect on OCR,, the ratio
of OCR, with over without free ca” (Ca effect=OCR;, . ca/OCR; ¢ c,), Wwhen (e) HO-CoQ10 or (f) CoQ10 was present.

Buffer: RB3.1 (mM): 137 KCl, 4 KH,PO,, 2.5 MgCl,, 20 HEPES, 0.1 EGTA, pH 7.21; 0 Ca: RB3.1, + Ca: RB3.1/RB3.2, see p. 23 (RB3);
analysis: (d) mean £ SEM of 3, 10, 3, 2 independent mitochondrial preparations; instrument: O2k (Oroboros Instr.)

Within these experiments, the degree of inhibition was not dependent on extramitochondrial calcium
concentration but on its presence. Inhibition efficiency was variable, in particular of ClII, presumably due to the
increased variability of Cazt concentration above 1 uM (cf. Figure 37 g). Besides, free [Ca2+] can be influenced by
applied substrates, CAC metabolites, and ADP not taken into account during calcium calibration experiments.

Mitochondria with an RCR lower than 6 were not excluded from this analysis. RCR of mitochondria energized
with CII substrates was more critical than with CI substrates. Nonetheless, the effect of CoQ and in
combination with Ca2* on respiration was consistent. ADP respiration rate did not always reach its maximum
within the measured interval. Hence, inhibition was underestimated in those cases. Since this thesis was

focussed on the effect of HO-CoQ10, to draw strong conclusions for CoQ10 further investigation is necessary.
3.6.4 More hydrophilic CoQ1 did not inhibit respiration

Since CoQ10 exhibited a similar effect on mitochondrial respiration as HO-CoQ10 and being the endogenous

electron and proton transporter of the ETC, a direct effect on RCCs was considered unlikely. Addition of these
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highly lipophilic substances to a mitochondrial suspension should lead to their incorporation into
mitochondrial membranes as has been shown for C0Q10.20° Furthermore, CoQ is known to influence
membrane properties as pointed out in section 1.2.2 (p. 14). One possibility to examine if CoQ10-mediated
inhibition is caused by a membrane effect was the comparison to other CoQ derivatives. Through modification
of the side chain, the location and therefore access of the molecule will be altered. For example, CoQ1 with only
one isoprene unit as the side chain, unlike CoQ10, will take up electrons from other than the Q-binding site.
Also, location in the membrane (33 as cited in 3%) and transition to the membrane phase might be considerably
different.

Figure 40 suggests that CoQ1 does not affect Cll-linked respiration of MHM. Since CoQ1 possesses only one
isoprene unit, membrane properties should be far less affected than by CoQ10. CI-linked respiration was more

sensitive to Co0Q10, HO-CoQ10, and calcium potentiation. Therefore, experiments need to be repeated for CL
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Figure 40 | CoQl does not inhibit ClI-linked respiration. Oxygen consumption of MHM was detected at 37 °C; ClI-linked respiration of
50 pg/mL mitochondrial protein with 0.5 uM rotenone (r) and 10 mM succinate (S) as substrate; the influence of Coenzyme Q1 (a) or
solvent controls on ADP-dependent respiration (1 mM ADP, A) was tested in presence or absence of 1 uM free ca®in RB3.1; (b) O,
consumption rates normalized to 100% ADP respiration; Graph shows result from 1 independent mitochondrial preparation.

Buffer: RB3.1 (mM): 137 KCl, 4 KH,PO,, 2.5 MgCl,, 20 HEPES, 0.1 EGTA, pH 7.21; 0Ca: RB3.1, +Ca: RB3.1/RB3.2, see p. 23 (RB3);

instrument: O2k (Oroboros Instr.)

3.6.5 Inhibitory Ca** effect mediated by CoQ

The precedent experiments demonstrated strikingly that respiratory inhibition could be potentiated by
calcium. To validate that this Ca2* effect is associated to CoQs and is not a general feature of down-regulated
respiration, commonly known CII inhibitors were examined. Two inhibitors, malonate and atpenin A5 (AA5),
affecting CII at different sites were used. Furthermore, malonate, a competitive inhibitor of the dicarboxylate
binding site, where electrons are accepted from succinate, is known to bind divalent metals like calcium.210211
AAS is a specific CII inhibitor mainly acting at the Q-binding site.212 Inhibitor concentrations were chosen to
downregulate OXPHOS rate by a similar degree like CoQs (cf. Figure 39 d), i.e. 40-50%. Even though 1 pM free
Ca2*t seemed to prolong oxygen consumption when respiration was inhibited by malonate (Figure 41 a),
analysis of oxygen consumption rates normalized to ADP respiration showed that malonate-inhibited
respiration was not affected by calcium (b). AA5 inhibition did not change in presence of calcium, either, as can

be seen from oxygen traces (c) and OCRs (d).
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Adding 1 pM free calcium did not change inhibition extent of both substances (Figure 41). Consequently, the
potentiating effect of calcium on CoQ-mediated respiratory inhibition must be closely linked to CoQ molecules

or their underlying mechanisms of ETC down-regulation.
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Figure 41 | Inhibition of Cll-linked respiration by malonate and atpenin A5 was not Ca-dependent. Oxygen consumption of MHM was
detected at 37 °C; Cll-linked respiration of 50 pug/mL mitochondrial protein with 0.5 uM rotenone (r) and 10 mM succinate (S) as
substrate; the influence of a Cll inhibitor (s, sample) on ADP-dependent respiration (1 mM ADP, A) was tested in absence (solid lines, -;
0.1 mM CaEGTA) and presence of Ca (dashed lines, +, 1 uM free Ca2+) in RB3.1; influence of the competitive inhibitor malonate (a and
b, 0.2 mM, malo) and Q-binding site inhibitor atpenin A5 (c and d, AA5, 12 nM); Graphs show results from 1 independent mitochondrial
preparation.

Buffer: RB3.1 (mM): 137 KCl, 4 KH,PO,, 2.5 MgCl,, 20 HEPES, 0.1 EGTA, pH 7.21; 0 Ca: RB3.1, + Ca: RB3.1/RB3.2, see p. 23 (RB3);

instrument: O2k (Oroboros Instr.)

3.7 HO-CoQ10 inhibited respiratory chain complexes | and Il in photometric activity assays

To elucidate if HO-CoQ10 inhibits the respiratory chain at the level of single respiratory chain complexes I, I
and/or III, the enzymatic activity of each complex was analysed separately. As a subject, bovine heart
mitochondria were preferred over mouse heart mitochondria due to sample availability and abundance of
necessary experiments to establish suitable protocols. Mitochondria were lysed by three rounds of freezing
and thawing in hypotonic buffer to make the complexes accessible to their specific substrate and acceptor
molecules. The assay buffer contained inhibitor cocktails to block electron transfer downstream of the
acceptor molecule. When CII and CIII activities were examined, CI was additionally inhibited by rotenone to
avoid reverse electron transfer from reduced CoQs. Either substrate consumption or acceptor conversion was
monitored using a single absorption wavelength of the UV/Vis light spectrum. Tested CoQs were always

applied together with the exogenous quinone, e.g. CoQ1 for CI, that was needed to measure RCC activity.

3.7.1 CI(NADH-CoQ1 oxidoreductase) was inhibited by HO-CoQ10

NADH:CoQ1 oxidoreductase activity assay monitoring NADH absorption

CI was measured as NADH:CoQ1 oxidoreductase activity using NADH as the substrate. Coenzyme Q1 was
chosen as an artificial acceptor to pick up electrons from Complex | because its higher water-solubility
facilitated handling and higher activities were achieved than with decyl-ubiquinone (data not shown). The CI-
catalysed reaction was: NADH + H* + CoQ1 - NAD+ + H;CoQ1. The transfer of electrons from NADH to CoQ1
was followed at 340 nm where the oxidized form of NADH, NAD+, loses absorption intensity. Samples exposed
to rotenone were run as a control to calculate Cl-specific activity by subtraction of rotenone-insensitive

activity resulting from electron transfer from other than the Q-binding site (Figure 42 a).
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For photometric activity assays of CI, phosphate buffers are usually utilized.122.213-215 Phosphate buffer
handling is more robust since pH is more stable with respect to temperature change (ApH < 1% from 25 °C to
37 °C) and dilution of stock solutions.2 In Figure 42 b, lysis and measuring protocols were transferred from a
phosphate- to a Tris-buffering system to allow measuring Ca2*+ dependence of CI inhibition. Thereby Ca2+-
phosphate interactions can be excluded and defined Ca2+ concentrations were less prone to calculation errors.
Nonetheless, Tris can also form Ca2* and Mg2+ complexes,?16 though these are less stable than phosphate
complexes. Presumably, there are no buffers available without any metal-binding capacity. Even the Good’s
buffer HEPES, long thought not to bind any Ca2?* and Mg?2+,217.218 has been proven to bind both metals in a
similar range to Tris.21° Tris buffer at pH 7.4 and 37 °C was used. As a control, Tris buffer at pH 8 was run in
parallel as this buffer composition has been suggested by Barrientos et al. (2009).182

When measurements were conducted in Tris buffer, activities were reduced (Figure 42 b). CI activity increased
with pH of the Tris-based buffer as the pH optimum for CI in human muscle mitochondria was reported to be
7.8,220 near the physiological pH of the mitochondrial matrix being between 7.8 and 8.0 depending on the
examined sample.221.222 Lysing mitochondria in Tris buffer instead of hypotonic KPB increased CI activity since
10 mM Tris was more hypotonic. Yet, Tris at pH 7.4 was chosen for following experiments.

Then, the influence of the ethanol portion in the assay buffer was determined as shown in Figure 42 c. Up to
2.5% ethanol did not adversely affect CI activity. Nevertheless, 5% ethanol was chosen for further experiments
to allow the highest CoQ10 concentration possible (50 uM) without overly impairing CI activity.

Increasing amounts of mitochondria were tested and two concentrations and two CI acceptor concentrations
were used: 50 and 20 pM CoQ1 (Figure 42 d). Enzymatic turnover was higher with 50 pM CoQ1 but was less
responsive to increasing mitochondrial input in the tested range. Besides, measurements with 50 uM CoQ1

were more stable with respect to the variability of initial slopes, but 20 uM allowed higher (OH-)CoQ10/CoQ1

ratios.
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Figure 42 | Replacing KP; with Tris buffer and increasing ethanol portion decreased Cl activity. 15 pg/mL (3 pg/well) BHM were added
to assay buffer containing 100 uM NADH as substrate and 50 uM CoQl1 as acceptor; inhibition of ClIl and CIV with 10 uM antimycin A
and 1 mM KCN, respectively; NADH oxidation was measured at 340 nm in absence and presence of rotenone; (a) assay buffer in
presence of rotenone or its vehicle DMSO was incubated at 37 °C and enzyme activity was started by adding mitochondria (m), Cl
activity was calculated from the initial linear phase subtracting rotenone-insensitive activity; (b) lysis and assay buffer based on KP,
were replaced by Tris buffers, lysis of BHM in hypotonic KPB or Tris-based assay buffers, measurements in assay buffer supplemented
with 0.1% BSA (w/v) on basis of 50 mM KP; (pH 7.4) or 10 mM Tris (pH 7.4/pH 8), 5.5% ethanol; (c) assay buffer containing 1-20%
ethanol; (d) different mitochondrial input (ug) per well (0.2 mL) with 20 or 50 uM CoQ1, 5% ethanol;

Sample: BHM subjected to 3 freeze-thaw cycles in (a) hypotonic KPB or (a-d) 10 mM Tris; buffer: (a) assay buffer: 10 mM Tris (pH 7.4 or
pH 8 at 37°C) or 50 mM KP; (pH 7.4), 10 pM antiA, 1 mM KCN, 0.02% DMSO, +/- 0.2 uM rotenone; hypotonic KPB: 25 mM KP;, 5 mM
MgCl,, pH 7.2; (b, c) 10 mM Tris (pH 7.4); analysis: see panel a, initial linear activity, mean + SEM from triplets of 3 independent

mitochondrial preparations;

Using the conditions defined above, CI activity was followed when exposed to 50 uM CoQ1 and semi- or
equimolar concentrations of the CoQs Coenzyme Q1, Coenzyme Q10 and HO-CoQ10 (Figure 43 a). Increasing the
concentration of CoQ1 above 50 pM enhanced CI activity dose-dependently up to 1.3-fold indicating that
acceptor concentration was not fully saturated. Half-equimolar Coenzyme Q10 slightly increased CI activity,
whereas equimolar CoQ10 did not alter CI activity. HO-CoQ10 decreased NADH oxidation rate by 33% at
equimolar concentrations. Rotenone-insensitive activities did not significantly change by CoQ addition (data
not shown) indicating that HO-CoQ10 is acting on the Q-binding site.

During establishing the assay protocol, it was noticed that HO-CoQ10 did not always inhibit Complex I.
Especially when rotenone-insensitive activity was high, experiments were more likely lacking an HO-CoQ10
effect. This observation is conclusive as HO-CoQ10 is expected to interact at the Q-binding site of CI and

rotenone-insensitive NADH oxidation is independent of this site.

To examine if calcium potentiation of CoQ-mediated inhibition is working on enzyme level, CI activity was
measured with 50 pM CoQl and semi-equimolar CoQ in Tris buffer enriched with different calcium
concentrations (Figure 43 b-g). Nominal free calcium conditions were equivalent to those in experiments shown
in Figure 43 a. No calcium-dependent effect was obvious. Looking at the control with 50 uM CoQ1 (b, grey bars),
addition of ~0.2 and 10 puM free Ca2* to the assay buffer slightly increased CI activity above nominal free
calcium conditions, but completely excluding calcium from the buffer with EGTA also resulted in somewhat
increased CI activity. Also, when additional CoQ1 (green bars) or CoQ10 (cyan bars) was supplied no calcium-
dependent change in CI activity was visible. The effect of calcium on HO-CoQ10-dependent inhibition could not
be evaluated: In conditions with nominal zero Caz+ CI activity was inhibited as can be deduced from individual
traces following NADH absorption during the assay (e, violet lines). However, when the buffer was
supplemented with EGTA (d) and calcium (f, g), absorption at 340 nm increased upon application of
mitochondria when HO-CoQ10 was supplied in absence (solid lines) as well as in presence of rotenone
(dashed lines). Figure 43 c shows that the observed increase of NADH absorption cannot be due to insufficient
dissolution of HO-CoQ10 in the assay buffer. When mitochondria were omitted, absorption did not increase
during prolonged incubation in KP;-based buffer. Then again, especially in assay buffers containing 10 uM
Ca?+, the absorption increase was most prominent implying a calcium-dependent effect. Absorption spectra of

NADH were not sensitive to changing calcium concentrations (tested in Tris buffers listed in caption of Figure
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43, data not shown). Hence, NADH interaction with Ca2* can be excluded. To rule out a measuring artefact,

experiments need to be repeated with different BHM preparations.
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Figure 43 | HO-CoQ10 inhibited Complex I activity. 15 ug/mL (3 pg/well) BHM were added to assay buffer containing 100 uM NADH as
substrate and 50 uM CoQ1 + 25/50 uM CoQ/vehicle as acceptor cocktail. (a) Initial Cl activity normalized to 50 uM CoQ1 + ethanol; (b)
influence of calcium on Cl activity; (c) absorption at 340 nm of control measurement adding buffer (b) instead of mitochondria (m) in
presence of 100 uM NADH and 50 uM CoQ1 + 25 uM CoQ/vehicle in 50 mM KPB, pH 7.4, 0.1% BSA; (d-g) NADH absorption at 340 nm
of samples analysed in panel b with different calcium concentrations, addition of mitochondria (m) is indicated, measurements in
absence (solid lines) and presence of rotenone (dashed lines) are shown: (d) 1 mM EGTA, (e) nominal free Calcium, (f) 195 nM free
ca”, (g) 10 uM free ca®

Sample: BHM subjected to 3 freeze-thaw cycles in 10 mM Tris; buffer: 10 mM Tris (pH 7.4 at 37 °C), 10 uM antiA, 1 mM KCN, 0.02%
DMSO, +/- 0.2 uM rotenone, 5.5% ethanol; (b-g) free [Ca2+] was calculated with maxchelator'?! and adjusted as follows: EGTA, 1 mM
EGTA; nom 0 Ca, assay buffer without additives; 195 nM Ca, 1 mM EGTA + 883.1 uM CacCal,, 10 uM Ca, 1007.4 uM CaCl,; analysis: see

Figure 42 a, initial linear activity, mean + SEM from triplets of (a) 3 or (b) 1 independent mitochondrial preparation; (b) analysis of

mean, not single traces;

NADH:CoQ1 oxidoreductase activity assay monitoring NADH fluorescence

Measuring CI activity following the loss of NADH absorption at 340 nm resulted in rising absorptions when
samples were treated with high HO-CoQ10 concentrations (Figure 43 g). This increase might be a result of a
measurement artefact caused by the changed absorption pattern of reduced CoQs. UV/Vis absorption spectra
of rising NADH concentrations in Figure 44 a demonstrate that NADH not only absorbs at 340 nm but also at
280 nm, the wavelength characterising the oxidation state of quinones. In reverse, CoQs have a strong
absorption band at 280 nm but also absorb at 340 nm (b-d). Plotting the absorption at 280 nm of CoQ against
their concentration, extinction coefficients are similar for CoQ1, CoQ10 and HO-CoQ10 and are considerably
higher than for NADH (e). As can be already seen from the UV/Vis spectrum of CoQ1 (b), absorption at 340 nm
of CoQ1 is low in comparison to NADH (f). However, CoQ10 and HO-CoQ10 both absorb at 340 nm in a similar
range as NADH. Moreover, this absorption may change upon reduction of CoQ.

To exclude the influence of different concentrations of CoQ and their redox state on the measurements, NADH
fluorescence instead of absorption was recorded. Fluorescence of reduced CoQ10 (H2Co0Q10, exc. 290 nm/em.

370 nm223) did not interfere with NADH detection (data not shown). Different to absorption-based
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measurements in the fluorescence-based CI activity assay (g), calcium increased CI activity. CI activity was
clearly inhibited by 10 pM HO-CoQ10. With regard to respiration with CoQ1 alone, CI inhibition by HO-CoQ10
was more effective in presence of calcium. Since these fluorescence-based experiments were preliminary and
measurement parameters were different than in absorption-based assays, more experiments are necessary to
draw conclusions. Moreover, detection parameters must be optimized to increase signal-to-noise ratio. It is
preferable to choose a HO-CoQ10 concentration near its IC50 to allow the observation of both attenuation and

potentiation of its inhibitory effect.
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Figure 44 | NADH:CoQ1 oxidoreductase activity fluorescence assay. UV/Vis spectra of increasing (a) NADH, (b) CoQ1, (c) CoQ10 and
(d) HO-CoQ10 concentrations; dependence of absorption at (e) 280 nm (characteristic CoQ absorption) and (f) 340 nm (characteristic
NADH absorption), absorption values taken from measurements shown in panels a-d; (g) initial linear Cl activity (NADH fluorescence
detected at exc. 340 nm/em. 450 nm): 5 pug/mL (1 pg/well) BHM were added to assay buffer containing 100 uM NADH as substrate and
50 uM CoQ1 + 25/50 uM CoQ/vehicle as acceptor cocktail;

Sample: BHM subjected to 3 freeze-thaw cycles in 10 mM Tris; buffer: 10 mM Tris (pH 7.4 at 37 °C), 10 uM antiA, 1 mM KCN, 0.02%
DMSO, +/- 0.2 uM rotenone, 5% ethanol; 200 nM free [Cab], 0.1 mM EGTA + 75.8 uM CaCl,; analysis: see Figure 42 a, initial linear

activity, mean £ SEM from triplets of 1 independent mitochondrial preparation;

3.7.2 Cll (succinate:CoQ1 oxidoreductase) was inhibited by HO-CoQ10

CII activity was quantified by succinate:CoQ1 oxidoreductase activity following the decrease of quinone
absorption at 280 nm. Succinate, applied as a substrate, feeds electrons into CII, which in return will reduce
CoQ1 to its quinol form exhibiting a lowered absorbance at 280 nm.

In contrast to CI, CII activity decreased upon changing lysis and assay buffer from phosphate to Tris (Figure 45
a). Nevertheless, the Tris-based assay buffer was preferred in following experiments because CaZz+ addition
will be less problematic. The drastic reduction of CII activity by malonate (a) proved CII specificity of the assay.
CII was less sensitive to ethanol than CI but still decreased at concentrations > 10% (b). CII activity with 20
and 50 pM CoQ1 was linear up to concentrations of 10 pg/mL (2 pg/well) mitochondrial protein, then

decreased again (c).
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a Lysis in hypotonic KPB, Tris at pH 7.4 or Tris pH 8.0 b c
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Figure 45 | Replacing KP; with Tris buffer and increasing ethanol portion decreased CllI activity. After preincubation of 15 pg/mL
(3 pg/well) BHM with succinate as substrate, 50 uM CoQ1 was added to initiate CoQ turnover by Complex Il. Cl, Clll and CIV were
inhibited. Initial linear Cll activity was calculated from decrease at 280 nm (characteristic absorption of CoQ). (a) Lysis of BHM in
hypotonic KPB or Tris-based assay buffers, measurements in assay buffer on basis of 50 mM KP; (pH 7.4) or 10 mM Tris (pH 7.4/pH 8),
12.5% ethanol; (b) assay buffer containing 1-20% ethanol; (c) different mitochondrial input (ug) per well (0.2 mL) with 20 or 50 uM
CoQ1, 5% ethanol;

Sample: BHM subjected to 3 freeze-thaw cycles in (a) hypotonic KPB or (a-c) 10 mM Tris; buffer: (a) 50 mM KP; (pH 7.4) or 10 mM Tris
(pH 8 or 7.4 at 37 °C), (b, c) 10 mM Tris pH 7.4 at 37 °C, 10 mM succinate, 2.5 uM rotenone, 10 uM antiA, 1 mM KCN; analysis: initial

linear activity, mean £ SEM from triplets of (a) 1 or (b, c) 3 independent mitochondrial preparations;

The influence of additional CoQ was examined with 20 and 50 uM CoQ1 and different concentrations of CoQ10,
HO-CoQ10 and CoQ1 as a control (Figure 46). Unlike CI, CII activity was not enhanced by additional CoQ1
confirming that CoQ1 was supplied in saturation. As can be seen from individual traces of CoQ absorption at
280 nm in a and plotting CII activity in e, initial rates did not rise with increasing CoQ1 concentration. CII
activity was slightly lower when CoQ10 was present though this behaviour was not concentration-dependent
in a range of 1-30 uM CoQ10 (b, €). Lower concentrations need to be tested to elucidate if CII activity can be
regulated by CoQ10 supply. The slight increase in absorption after addition of mitochondria that could be
observed at the beginning of all measurements (a-c) was not Cll-related since it was also found when
mitochondria were omitted (data not shown). Therefore, this initial increase was always excluded when
determining CII activity. HO-CoQ10 clearly inhibited CII activity up to a concentration of 30 pM (¢, d). The IC50
of HO-CoQ10 was 110.8 and 236.5 nM using 20 and 50 uM CoQ1, respectively (f, ¢). The ratios of HO-CoQ10 to
CoQ1 yielding a half-maximal inhibition were similar (20 uM CoQ1, 1:0.006; 50 pM C0Q1:0.005), whereas HO-
CoQ-to-BHM ratios were differing by a factor of 2.13. Thus, in this case, HO-CoQ10 inhibition was independent
of CII concentrations and dependent on CoQ1 input indicating a competition between HO-CoQ10 and CoQ1.
Surprisingly, samples with 100 pM HO-CoQ10 (¢, d) showed a decrease of 280-nm absorption that even
superposed any artificial increase at the beginning of the measurement, hinting that HO-CoQ10 might be an
alternative acceptor for CII, even though lower concentrations of HO-CoQ10 inhibited CoQ1-dependent CII

activity. Potential Complex II succinate:HO-CoQ10 oxidoreductase activity is analysed in section 3.7.4 (p. 106).
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Figure 46 | HO-CoQ10 inhibited succinate:CoQ1l oxidoreductase activity. After preincubation of 5 pug/mL (1 pg/well) BHM with
succinate, 50 uM CoQl1 + increasing concentrations of HO-CoQ10, CoQ10 and CoQ1 were added to initiate CoQ turnover by Complex II.
(a-c) Cll activity followed at 280 nm (characteristic CoQ absorption) with 50 uM CoQ1 as an acceptor and additional (a) CoQ1 or vehicle,
(b) CoQ10 or (c) HO-CoQ10; (d) influence of HO-CoQ10 on initial Cll activity; concentration dependence of Cll activity on additional CoQ
with (e) 50 uM or (f) 20 uM CoQ1;

Sample: BHM subjected to 3 freeze-thaw cycles in 10 mM Tris; buffer: 10 mM Tris (pH 7.4 at 37 °C), 2.5 uM rotenone, 10 pM antiA,
1 mM KCN, 5% ethanol; analysis: initial linear activity, mean + SEM from triplets of 1 independent mitochondrial preparation;

Ca-dependence of CII activity was tested with 50 uM CoQ1 and semi-equimolar CoQ in Figure 47. CII activity
slightly increased with calcium concentration (a). Unexpectedly, CoQ10 decreased CII activity by ~50% as
seen in Figure 47 b, which was unaffected by calcium. Since CoQ10 did not affect CII activity in the experiment
shown in Figure 46 (b and ) performed with another BHM preparation and lower mitochondrial input, for now,
there is no strong evidence on CoQ10 impacting CII activity. However, its influence needs to be further
investigated. 25 pM HO-CoQ10 decreased CII activity by over 90% at calcium concentrations up to 195 nM.
With 10 uM free CaZt, inhibition was considerably attenuated (b, f). To assure that Ca effects are not covered
up by a harsh inhibition, half-maximal inhibitory concentrations of HO-CoQ10 should be chosen for future
experiments. Ca-dependent measurements should be repeated using 5 pg/mL (1 pg/well) mitochondria since

CII activity was already saturated with 10 pg/mL (2 pg/well, Figure 45 c).
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Figure 47 | Influence of calcium on Cll activity. After preincubation of 15 pg/mL (3 pug/well) BHM with succinate, 50 uM CoQ1 + 25 uM
CoQ were added to initiate CoQ turnover by Complex Il. CoQl-sample mixtures were CoQ1 together with ethanol (grey), CoQ1 (green),

CoQ10 (cyan) or HO-CoQ10 (violet). (a, b) Initial Cll activity from measurements in Tris containing different calcium concentrations
shown in panels c-f: (a) 50 uM CoQ1 + ethanol, (b) 50 uM CoQ1 + 25 uM CoQ, normalized to 50 uM CoQ1 + ethanol for every calcium
concentration; (c-f) mean traces of CoQ absorption at 280 nm of experiments performed in different calcium concentrations, addition
of mitochondria (m) and CoQ1-sample mixture (Q1 + s) is indicated: (c) EGTA, (d) nominal zero ca”, (e) 195 nM free ca”, (f) 10 uM free
CaZ+;

Sample: BHM subjected to 3 freeze-thaw cycles in 10 mM Tris; buffer: 10 mM Tris (pH 7.4 at 37 °C), 10 mM succinate, 2.5 uM rotenone,
10 uM antiA, 1 mM KCN, 5.5% ethanol; free [Cab] was calculated with maxchelator'* and adjusted as follows: EGTA, 1 mM EGTA;

195 nM free Ca, 1 mM EGTA + 883.1 uM CaCl,, 10 uM Ca, 1007.4 uM CaCl,; analysis: initial linear activity, mean + SEM from triplets of 1

independent mitochondrial preparation;

3.7.3 Clll (decyl-ubiquinol:cytochrome c oxidoreductase) was not inhibited by HO-CoQ10

CIII activity was measured as decyl-ubiquinol:cytochrome coxidoreductase activity. Here, decyl-UQH> acted as
the substrate and cytochrome cas the acceptor for CIII electrons. CIII activity was analysed by subtracting the
initial linear rate of cytochrome c reduction after addition of decyl-ubiquinol in absence from the rate in
presence of mitochondria (Figure 48 a). To assess the influence of CoQ on CIII activity, reduced decyl-UQ was
applied together with oxidized CoQ. Comparing redox potentials from the used species, only CoQ1 can be
reduced by decyl-UQH; (Figure 48 b). Therefore, the sample with CoQ1 probably contained only reduced CoQ1
and oxidized decyl-UQ. The other mixtures contained reduced decyl-UQ and oxidized forms of HO-CoQ10 or
CoQ10.

When oxidized decyl-UQ (DUQ) was added as a control for CoQ addition, CIII activity was reduced in
comparison to ubiquinol with ethanol alone (Figure 48 c). This might be explained by radical formation through
the disproportionation reaction of reduced and oxidized species. Radicals will be oxidized quickly in an
aqueous medium, thereby reducing substrate availability. CIII activity seemed to be even more reduced when

CoQ1 was added as a sample (c). Looking at the cytochrome c reduction rate with additional CoQ1, it was
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already very high without mitochondria (d, CoQ1 + cyt c was 79% of CoQ1 + cyt ¢ + m) indicating that

H2CoQ1 is an inappropriate substrate, possibly directly reducing cytochrome ¢ Therefore, specific CIII activity
could not be measured in presence of CoQ1.

CoQ10 and HO-CoQ10 both considerably enhanced CIII activity (c). Since inhibition of CIII-linked respiration
could only be observed at low substrate concentrations (cf. Figure 30 c on p. 83 and delay in Figure 28 c on p. 81),
preincubation with HO-CoQ10 might still affect CIII activity. HO-CoQ10 did not negatively affect CIII activity
but enhanced it slightly suggesting that HO-CoQ10 might be an endogenous CIII substrate. Like in respiration
measurements an ubiquinol analogue was used as a CIII substrate. Thus, it is not clear if CIII activity controlled

by endogenous CoQ10 will react the same way.
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Figure 48 | HO-CoQ10 did not inhibit decyl-ubiquinol:cytochrome c oxidoreductase activity. After preincubation of 75 pg/mL
(15 pg/well) BHM, 10 uM cytochrome ¢ was added as an acceptor for Clll. The addition of 20 uM decyl-UQH, + sample (20 uM CoQ or
ethanol) initiated ClII turnover. Cytochrome c reduction was monitored at 550 nm. (a) Exemplary trace and analysis of Clll activity
assay: addition of mitochondria (m), cytochrome c (cyt ¢) and decyl-ubiquinol-sample mixture as indicated; subsequent addition of: m +
cyt ¢ + CoQ (solid line), cyt c + CoQ (dashed line) or CoQ (dotted line); Clll activity was calculated analysing the initial rate of cytochrome
c reduction after addition of 20 uM decyl-ubiquinol in presence of mitochondria (m + cyt ¢ + CoQ) and subtracting the rate in absence
of mitochondria (cyt c+CoQ); (b) redox and reduction potential of the used ubiquinones (on basis of voltammetric data, Egmig
determined in i—prOH)lSS’m; (c) ClIl activity with decyl-ubiquinol-sample mixtures: 20 uM decyl-ubiquinol + ethanol or 20 puM decyl-
ubiquinone (DUQ)/CoQ1/ CoQ10/HO-CoQ10; (d) initial rate of cytochrome c¢ reduction after addition of decyl-UQH, with and without
adding mitochondria (m), same measurements as in panel c;

Sample: BHM subjected to 3 freeze-thaw cycles in hypotonic KPB; buffer: 50 mM KP;, 0.1% BSA, 1 mM DDM, 2.5 uM rotenone, 1 mM

KCN, 2.2% ethanol; analysis: initial linear activity see panel a, mean = SEM from triplets of 3 independent mitochondrial preparations;
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3.7.4 HO-CoQ10 was reduced by succinate:CoQ dehydrogenase

To test if HO-CoQ10 can act as an alternative acceptor for the respiratory chain complexes I and II, CoQ1 was
substituted with CoQ10 and HO-CoQ10 in activity assays.

CoQ reductase activity of Complex |

NADH:CoQ oxidoreductase activity was measured with 50 pM NADH and half- or equimolar CoQ
concentrations. To allow high concentrations of CoQ10, final ethanol concentration was raised to 10% despite
the risk of low rotenone-insensitive activities (cf. Figure 42 c in Tris on p. 99).

Mean absorption traces at 340 nm are shown for equimolar NADH and CoQ concentrations in Figure 49 to
evaluate the decrease of NADH due to CI-specific (solid lines, + DMSO) and Cl-unspecific activity (dashed

lines, + rotenone) after addition of mitochondria to a solution containing substrate and acceptor sample.

In absence of acceptors (Figure 49 a, ethanol), NADH concentration was constant. CI activity with 25 pM CoQ1
was not detectable (data not shown), but 50 uM CoQ1 induced NADH turnover that was higher in absence of
rotenone and therefore CI specific (Figure 49 a). Neither CoQ10 nor HO-CoQ10 initiated NADH oxidation (b, c).
Since CoQ10, of course, is the natural acceptor of Complex I, no conclusions can be drawn for the hydroxy
derivative and the experimental setup needs to be reassessed.
There are three effects possibly masking a reduction of CoQs in these experiments: 1. As mentioned above,
high ethanol concentrations reduce CI activity drastically. Hence, measurements should be repeated with
lower ethanol concentrations around 5%. 2. Decreased aqueous solubility negatively affected CI activity
comparing decyl-ubiquinone to CoQ1 in preliminary experiments. Since CoQ10 is even more hydrophobic than
decyl-ubiquinone, it might be an inadequate substrate for in-vitro CI activity assays. For this reason, testing the
demethylated derivative of CoQ1 (HO-CoQ1) as a water-soluble model for HO-CoQ10 will be more conclusive.
3. Comparison of starting values of the ethanol control with CoQ samples (Figure 49) shows that CoQs
influence absorption at 340 nm (see also Figure 44 f on p. 101). Ideally, CoQ reduction at 280 nm should be
followed instead of NADH oxidation. Since NADH is absorbing at 280 nm (cf. Figure 44 a and e) and its oxidation
would influence absorption at this wavelength, a regeneration system for NADH (lactate + lactate
dehydrogenase) needs to be included.225> Additionally, reduced and oxidized CoQ species can be quantified by
HPLC.225
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Figure 49 | Complex | activity was not detectable with CoQ10 or HO-CoQ10. 15 pg/mL (3 ug/mL) BHM (m, see arrow) were added to
assay buffer containing 50 uM NADH and 50 uM of different, tested acceptors, and NADH-characteristic absorption at 340 nm was
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detected. Experiments were run in presence of rotenone (dashed lines, + r) or its vehicle DMSO (solid lines, + d) to identify Cl-specific
activity. Tested acceptors were (a) CoQ1l or 10% ethanol as vehicle control, (b) CoQ10, and (c) HO-CoQ10.
Sample: BHM subjected to 3 freeze-thaw cycles in hypotonic KPB; buffer: 50 mM KP; (pH 7.4), 50 uM NADH, 1 mM KCN, 10 uM antiA,

10% ethanol; analysis: mean of single traces from triplets of 1 independent mitochondrial preparation;

CoQ reductase activity of Complex II

Succinate:CoQ oxidoreductase activity was measured with 10 mM succinate and increasing concentrations of
CoQ up to 100 uM (Figure 50). For all tested CoQs, quinone-specific absorption at 280 nm was stable during the
measurement (d-f) and decreased only upon addition of mitochondria (g-j), a measure of CII activity. CoQ10
was reducible by succinate dehydrogenase and reduction rate, at a concentration of 100 uM, was higher than
with CoQ1 (Figure 50 a, b). HO-CoQ10 was reduced only at high concentrations of 75 and 100 uM. At
concentrations lower than 50 pM CoQ10 or 75 pM HO-CoQ10, initial rates were affected by a primary small
increase of absorption at 280 nm (b, ). This increase could also be observed at high CoQ concentrations, when
mitochondria were omitted (e, f) and in precedent measurements of CII activity (cf. Figure 46 a-c on p. 103). The
total decrease in absorption was significantly lower for HO-CoQ10 than for CoQ10 and CoQ1 comparing the
difference in absorption values after addition of CoQ and at the endpoint of the measurement in g-j. It will be
important to compare extinction factors for all three molecules in their reduced and oxidized form. For this
purpose, absorption spectra of the reduced species need to be recorded. Since quinols are unstable in aqueous
solution and on-site reduction by NaBH4 is unsuitable for spectrophotometric measurements, voltammetry
coupled to UV /Vis spectroscopy will be the method of choice.

CoQ10 can be used as an acceptor for CII assays and might be a better acceptor than CoQ1 at high
concentrations. HO-CoQ10 seems to be an alternative acceptor to the well-established CoQ10 but shows
drastically reduced kinetics. Blocking CII with malonate and atpenin A5 and therefore the reduction of CoQ10
and HO-CoQ10, will be an important control to verify Cll-specificity. Like mentioned for CI, acceptor studies

should be repeated with water-soluble hydroxy derivatives since solubility effects may affect kinetics.
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Figure 50 | HO-CoQ10 as alternative electron acceptor from Cll. After preincubation of 15 pug/mL (3 pug/well) BHM (m) with succinate,
different, tested acceptors (CoQl, CoQ10, HO-CoQ10) were added to initiate CoQ reduction by Complex Il. (a-c) Initial linear
succinate:CoQ oxidoreductase activity; reduction of CoQ was followed as loss of absorption at 280 nm: (d-f) control experiments
adding buffer (b) instead of mitochondria (m) (g-h);

Sample: BHM subjected to 3 freeze-thaw cycles in hypotonic KPB; buffer: 50 mM KP; (pH 7.4), 10 mM succinate, 1 mM KCN, 10 uM

antimycin A, 2.5 uM rotenone, 10% ethanol; analysis: mean + SEM from triplets of 1 independent mitochondrial preparation;

3.7.5 Identification of respiratory complexes and supercomplex formation

Respiratory chain complexes are associated into supercomplexes within the inner mitochondrial membrane.
To visualize supercomplexes (~ 2 MDa) and single complexes (down to 200 Da) in bovine heart mitochondria,
gradient polyacrylamide gels were used with a stacking gel of 4% and a separating gel spanning from 5-10%
acrylamide (Figure 51 a). To maintain supercomplexes and functional enzymes blue-native conditions were
chosen. To solubilise the mitochondria, digitonin or dodecyl maltoside (DDM) was used. In Western blots,
complexes [, 111, IV, and V were detected to identify the bands in Coomassie Blue-stained gels (compare b and ¢
with d). Human antibodies were used against subunits of the RCCs.

Complex I was detected at a molecular mass greater than 669 kDa (anti-NDUFB8 in b), in agreement with its
molecular mass of around 1 MDa.?2¢ Digitonin-solubilised BHM showed less monomeric CI than DDM-

solubilised BHM, therefor more high-molecular bands indicating intact supercomplexes were present. Since
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bovine Complex [ consists of 45 subunits,?2? bands with smaller molecular mass might be correlated to
different stages of its assembly.228

Dimeric Complex III (500 kDa)?22¢ was identified detecting the Rieske subunit at a molar mass between 440
and 669 kDa (anti-Rieske in b). Complex IV was found around 200 kDa as well as at higher masses (c, anti-
Cox4-I) correlating with association to other respiratory chain complexes, e.g. [1111V1.226 The holo-F1Fo complex
of ATP synthase (Complex V) was detected in its monomeric (around 700 kDa) and dimeric state; its F1
subcomplex migrated around 440 kDa (anti-ATP5B in c).226.229-231

Supercomplexes were identified for digitonin-solubilised mitochondria according to Schéagger et al. (2001).230
Three supercomplexes were distinguishable in Coomassie Blue-stained gel consisting of one CI, a CIII dimer
(4III2) and one or two CIV (I11lI21V1 and IiIII;1V;) with [1III:IV: as the most abundant supercomplex.
Solubilisation with the stronger detergent DDM did not allow a clear distinction of still intact supercomplexes.
Since in western blots CI, CIII (b), and CIV (c) were detectable and one band was at a similar height as the
digitonin-solubilised supercomplex Iill[;IV; (~1.7 MDa), stable supercomplexes solubilised with DDM
probably were I1I1I;1V1 and 1:11V: (~ 1.2 MDa) which were observed from Schigger et al. at lower DDM

concentrations.230

LIV, o oo

sample a-NDUFB8  a-Rieske a-Cox4-l  a-ATP5B
a b Di DDM Di DDM ¢ Di DDM Di DDM d I1III2IV1\:
pore /
size Cathode (-) -‘ .‘d I l L™ Hl/dim 1411l” kDa . |
protein 669
1\ kDa —_
4% size  kDa . 669 ‘ ‘

669 -l b LL‘ Vimon i,
440
O‘JdL"z 440 T -_1

40
408 . 232 Y%
232 .

140

mon

5%

140

Anode (+

66 66

Figure 51 | Blue-native PAGE of respiratory chain complexes from bovine heart mitochondria. (a) Gradient blue-native
polyacrylamide gel electrophoresis (BN-PAGE), (b and c) western blot of digitonin- (Di; Di/protein ratio 10 (g/g)) or dodecyl maltoside-
(DDM; DDM/protein ratio 1.6 and 2 (g/g), from left to right) solubilised BHM with human antibodies against (b) CI (NDUFBS), CllI
(Rieske), (c) CIV (Cox4-1), and CV (ATP5B) subunits; (d) Coomassie Blue staining of gel used for western blot; I-V, respiratory chain

complexes | to V; Vgim and Vo, monomeric and dimeric states of CV (ATP synthase); Fy, F; subcomplex of CV;

3.7.6 In-gel activity staining: HO-CoQ10 did not disturb Complex | NADH oxidase and Complex Il succinate
oxidase activity

Photometric activity assays of Complex I and Il showed an inhibitory effect of HO-CoQ10, though, especially for

Cl, results were inconsistent. Furthermore, the need for artificial quinones as substrates complicated the

evaluation of a direct influence of CoQs on the enzymes. In-gel activity staining has the advantage of first

separating respiratory chain complexes and then measuring the activity of single complexes without

interference with inhibitors or other enzymes. Enzyme activity is directly quantified through optic density of
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the precipitate of a probing substance on the gel. Besides, protein content can be quantified by Coomassie Blue
staining.

HO-CoQ10 did not affect Complex | NADH oxidase activity

Complex [ activity was measured using NBTkk as an acceptor that will form an insoluble precipitate after
reduction by CI to formazan (Figure 52 a). To measure CI separately and not within supercomplexes, DDM
concentration was raised to 2 g/g, the highest possible DDM concentration without expansion of the dye front
into protein bands (data not shown). Although Coomassie Blue staining showed a distinct band of Complex I
accumulated at its monomeric mass (b, left), in-gel activity staining could not differentiate between
monomeric CI and supercomplex-bound CI (b, right). Therefore, to keep supercomplexes intact, 10 g/g
digitonin was used. Like this, monomeric Complex I was still distinguishable from SC-bound CI after in-gel
activity staining (lane +d in c). Although in-gel activity staining showed another band at low molecular weight
(~ 100 kDa; marked with * in b), the separation on the gel allowed a clear distinction of CI activity from CI-
unspecific activities.

Even though Jung et al. (2000)124 measured a rotenone-sensitive in-gel activity using NBT as an acceptor for
CI, NBT turnover was not sensitive to rotenone in all performed experiments (Figure 52 b, c e, f). Neither
prolonged preincubation of the gels with rotenone (data not shown) nor its addition during solubilisation of
mitochondria (¢, e) reduced in-gel activity staining. To exclude that an attenuated NBT turnover was masked
by accumulation of the dye due to long incubation times, formazan precipitation was quantified at different
times during the reaction. Still, CI in-gel activity was not reduced by rotenone (e, f). Actually, the used assay is
well-known to detect NADH oxidase but not NADH:CoQ oxidoreductase activity and therefore cannot be
sensitive to rotenone.232233 Ljke rotenone, HO-CoQ10 did not inhibit NADH oxidase activity. Neither
preincubation of mitochondria with 10 uM HO-CoQ10 during solubilisation (c, d) nor performing in-gel activity
staining in presence of HO-CoQ10 (f) reduced NBT turnover. Ngu et al. (2012) observed that a mutation near
the Q-binding site of Complex I reduced NADH:CoQ1 oxidoreductase but not CI content or in-gel activity, and
therefore suggested a catalytic defect regarding electron passage from the final Fe-S cluster N2 to CoQ.234
Hence, it is likely that the inhibitory site of HO-CoQ10 is the Q-binding site of CII. In addition, stability of
supercomplexes was not influenced by HO-CoQ10, CoQ10 or CoQ1l supplied during solubilisation of
mitochondria since presence of Cl and migration height of supercomplexes, probably formed by 111121V,
[11II;1V4, and I41ll;, was similar to the vehicle control (c). Admittedly, solubility of CoQs might have been
compromised due to the low temperature necessary for mitochondria solubilisation. To examine SC integrity
in more detail electrophoresis run time and/or acrylamide gradient should be adjusted. Furthermore,
mitochondria collected from respiration measurements in which CoQs are supplied at 37 °C and demonstrably

exert an effect on mitochondrial ETC should be used for further evaluation.

k' NBT, Nitro Blue tetrazolium, 2-[2-methoxy-4-[3-methoxy-4-[3-(4-nitrophenyl)-5-phenyltetrazol-2-ium-2-
yl]phenyl]phenyl]-3-(4-nitrophenyl)-5-phenyltetrazol-2-ium;dichloride
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Figure 52 | HO-CoQ10 did not affect Complex | in-gel activity staining. 50 pg bovine heart mitochondria, 140 uM NADH, 1 mg/mL NBT,
10 mM Tris (pH 7.4), incubation at RT; (a) NADH oxidase activity of Cl was detected via reduction of NBT to insoluble formazan
depositing on the gel, figure adapted from Sabar (2005);*! (b, ¢) Coomassie Blue staining (left) and NBT staining (right), monomeric
Complex | (Cl) and supercomplexes (SC) are marked with arrows; Cl-unspecific NBT staining marked with *; (d-f) quantification of NBT
turnover by monomeric Cl; detergents for solubilisation of mitochondria were (b) 2 g/g DDM or (c-f) 10 g/g digitonin; substances (10

UM CoQ or rotenone (r), 1% vehicle, i.e. ethanol or DMSO (d)) were added (c, d, e) during solubilisation or (f) during solubilisation and
incubation with NADH and NBT;

HO-CoQ10 did not affect Complex Il succinate oxidase activity

Complex Il was identified by succinate oxidase activity staining (Figure 53 a) between CIV and the dye front in
agreement with its low molecular mass of 130 kDa235 (Figure 53 b). Since borders of CIl bands were not sharp,
making quantification difficult, DDM concentration was raised to 5 g/g for experiments with CoQ (c). Succinate
oxidase activity was reduced by malonate (b, + malo) but was not affected by HO-CoQ10, CoQ10 and CoQ1 (c).
Since NBT was reduced via PMS by electrons from FADH; (a), this assay allowed only evaluation of CII activity

influenced at the dicarboxylate-binding site suggesting a role for HO-CoQ10 at the Q-binding site of CIL.
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Figure 53 | Complex Il in-gel activity was not influenced by HO-CoQ10. 50 ug bovine heart mitochondria, 8 mM succinate, 0.2 mM
PMS, 2 mg/mL NBT, 10 mM Tris (pH 7.4); (a) succinate oxidase activity of Cll was detected via PMS-mediated NBT conversion to
insoluble formazan depositing on the gel, figure adapted from Sabar (2005),231 (b, c) Coomassie Blue staining (left) and NBT staining
(right), Complex Il (Cll) is marked with arrows; detergents for solubilisation of mitochondria were (b) 2 g/g DDM or (c) 5 g/g DDM,
substances were added during in-gel activity staining: (b) 5 mM malonate, incubation at RT for 22 h, (c) 10 uM CoQ at 37 °C for 24 h;
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3.8 Influence of HO-CoQ10 and CoQ10 on mitochondrial ROS production

Inhibition of the electron transport chain often leads to increased production of ROS. This is true for e.g. the
inhibition of CIII by antimycin A or CI by rotenone and a supply of NADH equivalents.5? In this thesis, it was
found that exogenously supplied HO-CoQ10 and CoQ10 inhibit the mitochondrial ETC, whereas only HO-
CoQ10 reduced CI and CII oxidoreductase activities. CoQ10, on the other hand, is well known as the only
endogenously de-novo synthesized lipid antioxidant in animals.1?35> Moreover, HO-CoQ10 with its lower redox
potential might be a more effective antioxidant. Consequently, the role of HO-CoQ10 and CoQ10 on

mitochondrial ROS production was investigated.

3.8.1 HO-CoQ10 enhanced hydrogen peroxide production of respiring mitochondria

To learn about the anti- and prooxidant properties of HO-CoQ10, its interaction with mitochondrial H20;
production was analysed with a horseradish peroxidase (HRP)-based assay using Amplex® UltraRed (AUR) as
the substrate. As illustrated in Figure 54, H202 will oxidize the heme centre of HRP to the highly electrophile
ferryl radical state Compound I. To return to its ground state, HRP subsequently needs to take up 2 electrons,
from 2 substrates (i.e. 2 AUR). The two AUR radicals formed in this sequence dismutate into the non-
detectable educt and the fluorescent, oxidized form (AURox). In sum, 1 H202 molecule forms 1 fluorescent

resorufin derivative, AURoX.
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Figure 54 | H,0, detection with the HRP-based fluorescence assay using Amplex® UltraRed. Exemplarily, Amplex® Red is shown
because the chemical structure of its derivative Amplex® UltraRed is not published. See text above for description. This scheme is

based on Berglund et al. (2002, Fig.1, peroxidase cycle)236 and Gorris & Walt (2009, Fig.l).237

To analyse H»02 production by ETC processes, freshly isolated, coupled mouse heart mitochondria were
incubated together with AUR, HRP and superoxide dismutase (SOD) to assure immediate dismutation of
superoxide to H0,. H20; production was stimulated by the addition of ETC substrates (and ADP) in
respiration buffer together with known inhibitors or Coenzyme Q. It is important to note that H,0; production

measured in the supernatant of isolated mitochondria is influenced by the antioxidant potential of the
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mitochondrial preparation, H20, release, as well as its reaction with non-mitochondrial particles in the
extramitochondrial solution. Besides, we are detecting accumulating, non-reversible AURox formation, so the
increase in fluorescence signal only shows net H0, production rates and AURox accumulation but not H20;
concentrations accumulated in the extramitochondrial solution.

Increasing concentrations of mitochondria were incubated together with HRP and AUR to directly measure
H20,, i.e. AURox formation rate. Figure 55 shows an increase of H202 production proportional to mitochondrial
input up to 50 pg/mL mitochondrial protein when pyruvate and malate were supplied as Complex [ substrates
(b and c). Without any ETC substrate, H,0, production was negligible (a). Hence, H20, detected in these
experiments is directly associated with NADH production from Krebs cycle and therefore most likely Complex
[-associated. Cl-linked H0O; production rates were with ~20 pmol/(min-mg) (b) in agreement with
measurements from Nickel et al. (2015)8% using MHM isolated from the same mouse strain (BL6N). Production
rates in presence of saturating ADP concentrations were reduced in ¢, matching the hypothesis that increasing
oxygen consumption at constant [02] decreases one-electron reduction of oxygen to superoxide.238 In contrast,
Nickel et al. did not report an ADP-linked reduction of H,02 production in heart mitochondria from BL6N mice
possessing an intact nicotinamide nucleotide transhydrogenase (Nnt) gene due to NNT activity in reverse-
mode.8° Similarly, measurements shown in Figure 56 b and Figure 57 d did not show an effect of ADP on H;0;

production rate (m + PM 4 water vs. m + PM + A + water), although in the experiment in Figure 55 b and ¢ H20>

production was slightly decreased in presence of ADP.

As a positive control antimycin A was added to mitochondria (d) inducing H202 production at the Q, site by
locking the ubiquinol-derived semiquinone radical. High mitochondrial input led to a fast saturation of the
AURox signal within a short period of time. Therefore, 100 pg/mL mitochondrial protein was used for

following experiments to allow measurements without saturation of AURox signal.
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Figure 55 | H,0, detection in coupled mouse heart mitochondria. AURox formation by the turnover of HRP in presence of produced
H,0, was measured at 37 °C using increasing concentrations of mitochondria (m) were used. (a) Mitochondria in respiration buffer
(RB1), together with (b) the ClI substrates pyruvate and malate (PM, 5 mM), (c) PM and 1 mM ADP (A), (d) PM, ADP and the CllI
inhibitor antimycin A (antiA, 10 uM)

Sample: freshly isolated, coupled MHM; buffer: RB1, 50 uM AUR, 0.5 U/mL HRP, 50 U/mL SOD; analysis: mean of single traces from

triplets of 1 independent mitochondrial preparation;

Complex I-linked H»0; production was examined in Figure 56 and Figure 57 (a, d) by challenging mitochondria
with inhibitors of the respiratory chain complexes I-I1I or CoQs.
Since mitochondrial ROS production is dependent on oxygen concentration,?3® AURox formation did not

increase linearly in presence of PM, ADP and vehicle controls (Figure 56 a). Although Amplex assays were
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performed in 96-well plates open to atmospheric oxygen, high H,0; production rates and therefore fast
oxygen consumption may have led to decreasing oxygen concentrations during the measurements.
Grivennikova et al.23? suggested analysing initial rates of resorufin production. Nevertheless, because AURox
formation showed an initial lag-phase, maximal AURox production rates were compared for all conditions
which were derived from the maximal value of the first derivative of the curves.

Adding HO-CoQ10 in concentrations causing maximal respiratory inhibition, resulted in similar (Figure 57 d) or
slightly lower (Figure 56 b and e) H20, production rates compared to blocking respiration with rotenone
(rot=0.97- and 1.28-fold the value of HO-CoQ10, respectively). CoQ10 slightly reduced PM-linked H:0:
production (Figure 56 a and b; see also Figure 57 a and d). Ethanol did not influence H20; formation (Figure 56 a
and b). The CII inhibitor malonate did not affect H,0, formation (d and e) assuring that PM-induced H:O;
production is not influenced by Cll-linked ROS production. Antimycin A addition resulted in variable but
always high production rates (e, antiA = 7-fold the value of HO-CoQ10).

In control measurements without mitochondria, HO-CoQ10 slightly increased AURox production rate (Figure 56
¢, f). This increase might be due to a possible interaction of AUR or AUR radicals with HO-CoQ10. Since HO-
CoQ10 was present in its oxidized state and has a more negative reduction potential than the AUR analogue
Amplex® Red (E°(AR*/AR) = 1.14 V),240 a redox reaction resulting in oxidation and thereby production of AUR*
and fluorescent AURox is unlikely. Serrano et al. (2009)241 observed oxidation of AR in presence of dietary
antioxidants like gallic acid through a mechanism involving the oxidative pathway of HRP in absence of H20..
Antioxidant activity was determining AR oxidation which was decreased but still visible with oxidized species

of gallic and ascorbic acid.24!
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Figure 56 | HO-CoQ10, rotenone and antimycin A increased Complex I-linked H,0, production. 100 pug/mL (20 pg/200-uL well)
mitochondria (m) were incubated with Complex | substrates (PM, 5 mM pyruvate/malate), 1 mM ADP (A), and (a-c) 10 uM CoQs (HO-
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CoQ10, CoQ10, 1% ethanol or water as vehicle control) or (d-f) inhibitors of respiratory chain complexes (RCCs) I, I, and Ill (using
0.5 uM rotenone (rot), 5 mM malonate (malo), and 10 UM antimycin A (antiA), respectively). Control measurements were performed
with buffer alone (b).

(a, d) AURox accumulation of representative measurements; (b, e) maximal AURox production rates with mitochondria; (c, f) maximal
AURox production rates in buffer controls without mitochondria, expanded scale as compared to panels b and e;

Sample: freshly isolated, coupled MHM; buffer: RB1, 50 uM AUR, 0.5 U/mL HRP, 50 U/mL SOD; analysis: mean = SEM from triplets of 3

independent mitochondrial preparations;

In Figure 57, mitochondria were supplied with substrates for RCC I, II, and GPDH. AURox formation with CoQ
and known inhibitors of the same complex was compared.

Complex II-linked H20; production was measured using succinate to feed electrons into CII and rotenone to
inhibit CI. Indeed, the dicarboxylate-binding site inhibitor malonate decreased H202 production (Figure 57 b and
e). This demonstrates that the substrate combination of succinate and rotenone allows examining H20:
formation at Complex II excluding reverse electron transfer (RET) to CI. Unlike CoQ10 that did not affect CII-
linked H20; release, HO-CoQ10 enhanced ROS production to a similar extent as seen for CI, suggesting both CI
and CII as ROS production sites in presence of HO-CoQ10. Nevertheless, ROS may be formed at CIII, since that
production site has not been blocked by non-ROS inducing inhibitors like stigmatellin. To elucidate if HO-
CoQ10 induced ROS production via CII, the effect of low succinate concentrations (0.1 mM) should be tested
since inhibitor-induced ROS production at CII was inhibited by high succinate concentration.>2

To elucidate if the H20; production sites are at CI and CII or at the upstream CIII, a protocol to measure CIII-
linked activity indirectly was used. Adding glycerol-3-phosphate (G3P) will reduce the endogenous CoQ pool
via Glycerol-3-phosphate dehydrogenase (mGPDH) that in turn feeds electrons into CIII. In agreement with
studies on rat heart mitochondria by Mracek et al.,18¢ H,0, production rate measured in presence of G3P

(Figure 57 c and f, water) was lower than with PM (a and d, water). When ROS production was induced by

antimycin A, mGDPH-dependent ROS production was higher (Figure 57 ¢ and f, antiA) than via CI blocked with
rotenone (a and d, rot). Neither ethanol nor CoQ10 affected G3P-linked AURox production (¢, f). HO-CoQ10
more than halved basal production rate. This argues for HO-CoQ10 facilitating ROS production directly via CI
and CII but not CIII which is in line with HO-CoQ10 inhibiting NADH:CoQ1 and succinate:CoQ1 oxidoreductase
but not decyl-ubiquinol:cytochrome coxidase activity (cf. section 3.7 on p. 97).

As performed by Mracek et al. (2008),186 a CIII inhibitor not stimulating ROS production can be used to
distinguish ROS produced at CIIIl and GDPH. Even though in their study myxothiazol was used, it induced ROS
formation but to a considerably lower extent than antimycin A.56.186 Since stigmatellin completely abolishes
ROS production at the Q, site preventing electron transfer to the Rieske protein and consequently oxidation of
QHy, it is the appropriate tool to evaluate CllI-derived ROS production.242 Combining HO-CoQ10 with
stigmatellin or antimycin A will show if electrons are banked up at mGPDH or CIII. In parallel, the influence of
HO-CoQ10 on mGPDH activity should be assessed by measuring CoQ reduction photometrically.

Antimycin A induced considerably higher H,0; production in isolated mitochondria (Figure 56 b, e and Figure 57
f) with any given substrates than HO-CoQ10. Because of that, it is unlikely that HO-CoQ10 acts through the

same mechanism as antimycin 4, i.e. locking the CoQ10 semiquinone radical that in turn reacts with O».
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Furthermore, mitochondrial 02*~/H202 production should be verified using another experimental approach,

e.g. electrochemical detection without fluorescent sensors, and H»0: production should be analysed

simultaneously with oxygen consumption.
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Figure 57 | HO-CoQ10 increased Cl- and Cll-linked H,0, production and reduced mGPDH-linked H,0, production. 100 pg/mL
(20 pg/200-pL well) mitochondria (m) were incubated with substrates for CI/Cll/mGPDH (substrates, see below), 1 mM ADP and 10 uM
CoQs (HO-CoQ10, CoQ10, 1% ethanol or water as vehicle control) or complex-specific inhibitors (inhibitors, see below). (a, b, c) AURox
m + substrate + ADP + CoQ/vehicle/inhibitor;
m + substrate; dotted black line, mitochondria alone; (d-f) maximal H,0, production rate;

Sample: freshly isolated, coupled MHM; buffer: RB1, 50 uM AUR, 0.5 U/mL HRP, 50 U/mL SOD; substrates: Complex |: PM, 5 mM
pyruvate/malate; Complex II: 0.5 uM rotenone, 10 mM succinate; mGPDH (mitochondrial glycerol-3-phosphate dehydrogenase): G3P,

accumulation of representative measurements: solid lines, dashed grey line,

10 mM glycerol-3-phosphate; inhibitor: Complex I: rot, 0.5 uM rotenone; Complex II: malo, 5 mM malonate; antiA, 10 uM antimycin A;
MGPDH: inhibition of Complex Ill with 10 uM antimycin A (antiA); analysis: mean + SEM from triplets of 2 independent mitochondrial
preparations;

Since HO-CoQ10 increased Cl-linked AURox formation rate, accumulation of H20; in the extramitochondrial
solution was examined in Figure 58. Mitochondria were incubated in a well plate at 37 °C. Then, CI substrates
PM and saturating ADP were added as indicated. To detect H;0, accumulation in the supernatant,
mitochondria were not incubated together with HRP and AUR, but samples were taken at selected times and
admixed with assay buffer to measure fluorescence. No H20; release was detectable when mitochondria were
energized with PM and ADP. Only application of 10 uM antimycin A resulted in a significant increase of
extramitochondrial H20-. Since the locked semiquinone radical is located at the Q, site of CIII, ROS are directly
released into the mitochondrial intermembrane space. Hence, HO-CoQ10 is obviously not participating in ROS
formation at the Q, site of CIII. To localize HO-CoQ10-induced H;0; formation, experiments should be repeated
with rotenone. As rotenone induces ROS-production in the mitochondrial matrix, H20; release into the
supernatant is lower (cf. Figure 56 €). Due to antioxidant activity of the supernatant from crude mitochondrial

extracts,®® extramitochondrial H20; might not accumulate and therefore would only be detectable when
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mitochondria are incubated together with the detector. Furthermore, HO-CoQ10-induced ROS production

might be undetectable due to interaction of exogenously supplied CoQ with ROS.

200 - sample: 10 yM antiA, HO-CoQ10, CoQ10
1% /water

100 4

AURox (FU)

0 T T T 1
0 10 20 30 40

Time (min)

Figure 58 |HO-CoQ10 did not change extramitochondrial H,0, concentration. 200 pg/mL MHM were incubated in RB1 at 37 °C and
5 mM pyruvate/malate (PM), ADP (A), and CoQs (10 uM CoQ10, HO-CoQ10), solvent controls (1% ethanol/water) or 10 uM antimycin A
were added at indicated times. Extramitochondrial H,0, was quantified for indicated time points: samples were resuspended, 50-uL
aliquots were retrieved and admixed with 50 pL assay buffer;

Sample: freshly isolated, coupled MHM; assay buffer: RB1, 100 uM AUR, 1 U/mL HRP; analysis: mean +SEM from duplets of 1

independent mitochondrial preparation;

3.8.2 Simultaneous superoxide detection and oximetry in mitochondria using electron spin resonance
spectroscopy

Since HO-CoQ10 favoured CI- and ClI-linked H202 production, the precursor superoxide (02*") should be
detected. To look at superoxide production dependent on respiration of coupled mitochondria was of special
interest. Therefore, a procedure to measure superoxide and oxygen concentration simultaneously using
electron paramagnetic resonance (EPR; ESR, electron spin resonance) spectroscopy was established. As
unpaired electrons are detected and the radical must be reasonably stable in a chemically complex
environment, the spin probe CMH! was utilized to measure superoxide radicals (Figure 59 a). The membrane-
permeable hydroxylamine will immediately react with Oz*~ forming a stable nitroxyl radical CM* (reaction of
superoxide and CMH: 1.2 x 104 M-1s-1),243 The oxygen sensor tritylmm was used to follow oxygen consumption
(b).

To measure oxygen consumption rates most accurately, it was essential to shorten measuring intervals as
much as possible. The lab’s standard protocol was adjusted by decreasing the sweep width and time constant
to measure every 10 s instead of 60 s. Modulation amplitude had to be changed to measure both trityl and CM
radicals simultaneously without over-broadening the narrow trityl signal. As can be seen from measurements

at ambient oxygen concentration and in anoxic conditions in Figure 59 e and f, line width and peak-to-peak

I'CMH, 1-hydroxy-3-methoxycarbonyl -2,2,5,5-tetramethylpyrrolidine
mm Trityl, tetrathiatriarylmethyl radical
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height (i.e. radical intensity) of trityl absorption (dashed lines) are very sensitive to changes of the modulation
amplitude (MA). Different from the nitroxyl radical tempol (solid lines), used as a model for CM radical, peak-
to-peak height of trityl signals did not steadily increase with MA. The decrease of radical intensity was
correlated to line broadening. As a compromise for both radicals, 0.8 G MA was chosen for experiments. As
suggested from recent publications,125126 the peak-to-peak height of the trityl signal, not the commonly-used
line width was evaluated for oximetric measurements as difference in 0z-saturated to O,-depleted solution

was far more pronounced (cf. dashed black line and dashed blue line in e and f at 0.8 G MA).
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Figure 59 | Measuring superoxide and oxygen simultaneously using an EPR-based assay. (a) Hydroxylamine spin probe for superoxide
CMH, (b) stable nitroxyl radical tempol used as a model substance for the nitroxide radical CM* formed by reaction of CMH with
superoxide, (c) oxygen sensor trityl, measurements to determine ideal detection parameters were performed at (e) ambient oxygen
concentration of 21% in a glass capillary or at (f) anoxic conditions in a gas-permeable PT capillary (depicted in panel d) located in 100%
nitrogen atmosphere and 100 mbar overpressure to deplete oxygen from the solution; (e, f) comparison of radical intensity (i.e. peak-
to-peak height, black) and line width (blue) of 4 uM tempol (solid lines) and 4 uM trityl (dashed lines) in RB1 at changing modulation

amplitudes; T: 37 °C

Respiration measurements were performed at 37 °C in glass capillaries that did not allow diffusion of air
oxygen into the solution. This permitted detection of oxygen consumption by the sample. Mitochondria were
preincubated together with the CI substrates pyruvate and malate, and the oxygen sensor trityl in respiration
buffer (RB1) at 37 °C. Just before the recording, a mixture of ADP with inhibitors or CoQ, and CMH were added
and the sample was transferred into the glass capillary (Figure 60 a).

Trityl signal and therefore oxygen concentration stayed constant when mitochondria were measured alone (b,
dashed line, m). The initial decrease of the trityl signal, observed in all measurements (b, dashed lines), was
due to temperature adjustment of the capillary at the beginning of the measurement since signal intensity was

higher at RT (c). Supplying PM induced oxygen consumption (b, dashed line, + PM). Addition of ADP increased
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oxygen consumption (b, dashed line, + PM + A) and decreased superoxide production (b, solid lines: cf. dark
grey, + PM and light grey, + PM + A). as has been reported earlier.8%238 [n contrast to studies of Nickel et al.
(2015),89 superoxide production rate was not reduced upon ADP supply. Nevertheless, total CM radical and
therefore superoxide concentration was lowered since their formation stopped with 02 depletion.
Surprisingly, CM radical formation (rate) was the highest when mitochondria were measured in absence of

any substrate (b, black solid line) without any relevant decrease of the trityl signal.
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Figure 60 | Mitochondrial superoxide production and oxygen consumption. (a) Sample preparation: 1. preincubation of mitochondria
(m) with 4 puM trityl (tri) and 5 mM pyruvate/malate (PM) at 37 °C for 3 min, 2. addition of ADP (A), or a mixture of ADP and
inhibitor/CoQ (A/i), and CMH, 3. transfer into and measurement of the sample in 50-uL glass capillary; (b) simultaneous measurement
of superoxide production and oxygen consumption of 50 pg (1 mg/mL) freshly isolated MHM (m, black) alone, and supplied with PM
(pyruvate/malate, 5 mM, dark grey) or PM + A (ADP, 1 mM, light grey); (c) behaviour of 3.2 uM trityl signal intensity upon temperature
changes from 37 °C to 25 °C; (b, c) CM radical concentration (solid lines) and trityl signal intensity (dashed lines) are plotted.

Sample: freshly isolated, coupled mouse heart mitochondria (BL6J); buffer: RB1 + 4 uM trityl, 0.3 mM CMH; T: 37 °C;

Increasing input of mitochondrial protein from 2.5 pg (50 pg/mL) to 50 pg (1 mg/mL) per capillary, resulted
in increasing oxygen consumption and concomitant superoxide production rate in presence of PM and ADP
(Figure 61). In contrast to oxygen measurements using a Clark-type electrode, decrease of trityl signal is not
linear due to the fact that absorption intensity of trityl is not linearly dependent on oxygen concentration (data
not shown).

At high mitochondria concentrations, when oxygen was rapidly consumed during the measurement, CM
radical concentration decreased after depletion of oxygen (Figure 61 a, 25 pg and b 20-50 pg) though this effect
was not always apparent (cf. Figure 60 b, light grey, solid line, 50 pg). Analogously to the H202 quantification

with Amplex® Red (AR), where H20; oxidizes AR to resorufin, the reaction of superoxide with the spin probe is
irreversible and the accumulation of oxidized CMH, not superoxide concentration is detected. Recently,
Grivennikova et al. (2018) observed loss of resorufin in absence of oxygen when mitochondrial Complex I was
reduced by NADH. Complex [ was attributed an NADH:resorufin oxidoreductase activity reducing resorufin
(Res) to the colourless dihydroresorufin (ResH2).23° The midpoint potential for CM*/CMH (4 150 mV vs.
SHE)244 is more positive than of Res/ResH; (-120 mV at pH 7.5 vs. HE, Twigg (1945)%4> as cited in
Grivennikova (2018)239). Therefore, it is plausible that CM radical can be an alternative acceptor for CI as well.
Other enzymes like cytosolic DT-diaphorase24¢ and microsomal NADPH:cytochrome reductase?4’7 have shown
resorufin reductase activity. Thus, contaminations in the crude mitochondrial extract together with CI and
other unidentified enzymes or redox-active components may be responsible for loss of CM* signal due to

reduction to CMH.
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Figure 61 | Oxygen consumption and CM" formation in dependence of mitochondrial input. Mouse heart mitochondria (m) were
incubated with 5 mM pyruvate/malate (PM) and 1 mM ADP (A); mitochondrial input is indicated in ug/50-uL glass capillary and colour-
coded; CM" formation (solid lines) and trityl signal intensity (dashed lines) is plotted; (a) 2.5, 5, 10, 15, 20, 25 ug mitochondrial
protein/50 L (i.e. 50-500 pg/mL); (b) 10, 15, 20, 25, 50 pg mitochondrial protein/50 uL (i.e. 200-1000 mg/mL);

Sample: freshly isolated, coupled mouse heart mitochondria (BL6J); buffer: RB1 + 4 uM trityl, 0.3 mM CMH; T: 37 °C;

To elucidate the effect of CoQs on superoxide production, the influence of RCC inhibitors on PM-linked
respiration and superoxide production was evaluated first (Figure 62 a). Background CMH oxidation was not
influenced by substrates, ADP and inhibitors (data not shown). As expected, CII inhibition with 5 mM malonate
did not affect respiration nor superoxide production. Even though rotenone reduced oxygen consumption
more than antimycin A, CM radical formation rate was lower than with antimycin A. Since antimycin A
provokes ROS formation at the outer site of the IMM, produced superoxide might be less prone to elimination
by matrix antioxidants like SOD. As can be seen in b, HO-CoQ10 decreased respiration but did not increase CM*
production rate, when CM* formation rate at the end of the respective measurement was subtracted. Raw data
of samples containing HO-CoQ10 and CoQ10 (displayed in ¢) show higher CM* formation. This was caused by
mitochondria-independent oxidation of CMH as can be seen in buffer control measurements in d. Production of
CM radical was dependent on HO-CoQ10 concentration (data not shown). Both HO-CoQ10- and CoQ10-
accelerated CM* production was not reduced by chelation of iron and copper with DF and DETC (25 pM and
5 uM, respectively; data not shown). When 50 U/mL superoxide dismutase was added, CM* formation was not
abolished, but both production rates were decreased to the same level (data not shown). This implies that
superoxide formation in presence of CoQs is one factor of increased CM* production which is more
pronounced for HO-CoQ10 than for CoQ10 (Figure 62 d). Additionally, higher CM * formation rate in presence of

oxygen (d) than under anoxic conditions (b, end of measurement) indicates an oxygen-dependent reaction.
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Figure 62 | Inhibition of respiration and production of CM"’ induced by RCC inhibitors and CoQ. 25 pg/50 pL (0.5 mg/mL) mouse heart
mitochondria (m, black dotted lines) were incubated with 5 mM pyruvate/malate (PM, grey dashed lines), and a mixture of 1 mM ADP
(A) and inhibitor or CoQ/solvent was added. CM" formation (solid lines) and trityl signal intensity (dashed lines) is plotted. (a) ADP was
applied together with RCC inhibitors rotenone (rot, 0.5 uM), malonate (malo, 5 mM) or antimycin A (antiA, 10 uM). (b, c) ADP was
applied together with 10 pM CoQ (HO-CoQ10/CoQ10) or vehicle controls (1% ethanol/water final concentration). In panel b, terminal
slopes of CM" production in absence of oxygen (fitted within the interval 3 min after oxygen depletion to end of measurement) was
subtracted from traces of samples treated with CoQ in panel c; (d) control measurements of applied substances with CoQ and solvents;

Sample: freshly isolated, coupled mouse heart mitochondria; buffer: RB1 + 4 uM trityl, 0.3 mM CMH; T: 37 °C;

Unfortunately, oxygen measurements were not consistent as can be seen from measurements of mitochondria
treated with vehicle controls (Figure 63) known not to interfere with respiration from oximetric measurement
using the Clark-type electrode. Though CM radical formation rate was always comparable, oxygen
consumption differed drastically under identical conditions. This might have been caused by inhomogeneous
distribution of mitochondria within the capillary resulting in inhomogenous oxygen consumption in the vial. In
comparison to the sample chamber of Clark-type electrodes (see Figure 25 on p. 77) in which samples are

constantly stirred, this is not possible in the EPR spectrometer.
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Figure 63 | High variability of oxygen consumption measurements. 10 pg/50 uL (200 pg/mL) mouse heart mitochondria (m) were
incubated with 5 mM pyruvate/malate (PM) and a mixture of 1 mM ADP (A) and vehicle control (1% water or 0.1-1% ethanol, final
concentrations) was added. CM" formation (solid lines) and trityl signal intensity (dashed lines) is plotted;

Sample: freshly isolated, coupled mouse heart mitochondria; buffer: RB1 + 4 uM trityl, 0.3 mM CMH; T: 37 °C;

As superoxide production was not enhanced by the addition of HO-CoQ10 in coupled mouse heart
mitochondria, the main ROS production site should be on the matrix side of the IMM or in the matrix itself.
Similar to rotenone, known to induce superoxide production at the matrix side, initial CM radical formation
was not affected.

Since ROS production is dependent on oxygen concentration?3? and inhibition of oxygen consumption on HO-
CoQ10, the influence of oxygen supply of mitochondria might mask direct effects on superoxide production.

Therefore, gas-permeable PT capillaries (cf. Figure 59 d) should be used for future measurements to establish

stable oxygen conditions.
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3.9 Low-temperature electron spin resonance spectroscopy (EPR) of respiratory chain complexes | and Il
Since HO-CoQ10 inhibited Complex I and Complex II, and simultaneously stimulated ROS production feeding
electrons into these complexes, electron distribution in energized and blocked states of the RCCs was
examined.

Within the electron transport chain e™ are channelled via flavine molecules, iron-sulphur clusters, hemes, and
copper centres as depicted in Figure 64. Iron-sulphur clusters of Complex I consist of [2Fe-2S]2+ and [4Fe-4S]*+
that are diamagnetic in their oxidized state. The ground spin state of these clusters can be described via the
interaction of their spin centres as S=0m with 2 antiferromagnetically coupled ferric irons (Fe!ll) and 2
antiferromagnetically coupled ferric iron pairs that are ferromagnetically coupled, respectively. Taking up an
e”, one iron atom will be oxidized to Fell resulting in a total electron spin of S = %4.°0 Consequently, [2Fe-2S] as
well as [4Fe-4S] clusters, present in respiratory chain complexes I, II, and III, are paramagnetic and thus EPR
detectable in their reduced state only. Due to the fact that the S3 cluster from complex Il contains an odd
number of iron atoms ([3Fe-4S]+1), its total electron spin equals 1/2. When S3 is reduced, the total spin state
has an integer value with S =2 and thus is not EPR detectable.

The spectral line width decreases with increasing spin relaxation time (proportional to 1/(T1 or T2)). When
relaxation times are very short, spectra are too broad for detection. Since this is the case for Fe-S clusters,
measurements need to be performed at low temperatures slowing down relaxation considerably. Relaxation

time and therefore optimal sample temperature increases from [4Fe-4S] via [3Fe-25] to [2Fe-2S].
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Figure 64 | Electron transport along the electron transport chain. Bold arrow, 2 e transfer; thin arrow, 1 e transfer; redox centres are

aligned by their redox potentials; for Cl only EPR-detectable clusters are listed; cluster N1a is not visible in bovine heart mitochondria;

scheme according to Svistunenko (2006) Fig. 4*®

mn Felll has an electron configuration of Ar 3d> with 5 single electrons per d orbital. Therefore, S=5/2-5/2=0 for
[2Fe-2S]2t or S=2-5/2 - 2:5/2 for [4Fe-4S]** clusters.

oo Fell has an electron configuration of Ar 3d® with one fully occupied d orbital and 4 single electrons. Therfore,
S=5/2-4/2=1/2 for [2Fe-2S]3+ or S=2-5/2-5/2-4/2 = 1/2 for [4Fe-4S]5+ clusters.
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To analyse and establish the detection of Fe-S clusters in Complex I and II, high input of sample was necessary.
Due to that fact and that RCC activities were tested in bovine heart mitochondria, this was the sample of
choice. The following table lists Fe-S cluster signals of RCCs I-III and SQ* detected within this thesis (bold)

compared to literature values.

Table 15 | g-factors of measured EPR signals and literature values. Clusters are specified in their EPR-detectable state. g-values
determined experimentally in this work (bold) are compared to literature values from indicated references. g-tensor components are

giVen as gmax Bint aNd Emin.

Redox Fe-S ' _ Symmetry Temp Ref
centres cluster Yrmax Yint Yrmin g-tensor (K) '
n 2.02 1.93 1.90 : 40 248250
N1b [2Fe-2S] 2.02 194 193192  mombic 40
s 2.04-2.05 1.91-1.92 1.91-1.92 axial, 16 248250
5¢ N2 [4Fe-43] 2.06-2.05 1.93-1.92 1.92 (rhombic)®* 12
()]
- 2.03-2.04 1.93 1.86 9
o 48713 : 248-250
= N3 [4Fe-4S] 2.04 193  187-186  'mombic 9
o
2.1 1.93 1.88
(&) 48713 : 248-250
N4 [4Fe4SI™ 5 11210 194193 189-188  MOMPiC 4
N5 [4Fe-4S]**  2.07-2.06 1.93 1.90 rhombic n. d. 248,249
_ 1 2.02 1.93 1.915 : 40 248,249
= S1 [2Fe-23] 203 194193 192191  'mombic 33.2
2 3+ 2.02 249
o S2 [4Fe-4S] 1.94-1.93  1.92-1.91 rhombic 9.5
£ 2.03
o 2.017 2.000 1.97 . 248
(&) S3 [BFe-4S] ox 2,015 2.00 1.98 rhombic 9
Clll Rieske [2Fe-2S]" 2',? 1 1.91 1.78 rhombic 248
. 2.005 : . 249
SQ 1.99-2.00 isotropic

3.9.1 Reduction of Fe-S clusters from Complex | and influence of rotenone and CoQ

Complex I was analysed in lysed bovine heart mitochondria by reducing its Fe-S clusters with NADH in
phosphate buffer. Varying the sample temperature between 5 and 40 K and comparing to spectra of isolated CI
of the strictly aerobic yeast Yarrowia lipolytica 251 and bovine heart,24? signals could be assigned to the iron-
sulphur centres shown in Figure 65 a and are compared to literature values in Table 15. Clusters N1 to N4 are
named with increasing numbers according to their increasing spin relaxation rates and therefore decreasing
optimal detection temperature. Overlays in Figure 65 b-e allow direct comparison of signal patterns of BHM in
buffer (black traces) to their NADH-energized state (cyan traces) and to blocking NADH-derived electrons at
their transition to CoQ by rotenone (red traces). All identified signals are assigned in Figure 65 f-h.

At 40 K, the gmax component of cluster N1b at g=2.02 was identified comparing untreated BHM to NADH-

reduced samples (b, 40 K in f and g). The axial spectrum of cluster N2 was most prominent at 16 K (¢, 16 Kin f
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and g). At 9 K, gmax of N3 was barely visible and gi.« of N1b, N3 and N4 were superposing (d, 9 K in f and g).
Nevertheless, gmin of cluster N3 and N4 as well as gmax of N4 could be clearly assigned. Cluster N5 was not
detectable.

At 16 K a sharp isotropic signal with g=1.99-2.00 was observed (c) that might be attributed to a semiquinone
radical since it was still visible at 40 K (b). This isotropic signal was more prominent when antimycin A, known
for locking the CoQ10 semiquinone radical at the Q, site of CIII, was present (cf. g: 40 K, grey line (BHM +
antiA + NADH) and f, g, h: 40 K). Ohnishi et al. (1998)24? described a SQ* observed in tightly coupled bovine
heart submitochondrial particles (SMPs) activated with NADH at g=2.00, also observed by several other
groups.252 Semiquinone radicals are formed during NADH oxidation because Fe-S clusters can transport only
one electron at a time. So, CoQ10 will be reduced in two steps. Rotenone binding to the Q-binding site of
Complex I should abolish the radical. This behaviour could not be observed within this work as the SQ- signal
intensity was equal in NADH-energized mitochondria in presence and absence of rotenone (b, cf. red and cyan
line) and was already present before NADH supply (black line). Comparing CCCP-uncoupled and tightly
coupled bovine heart SMPs, Vinogradov et al. (1995)253 observed a SQ radical (g=2.00) only in the latter.
Since in this work, BHM were lysed by several freeze-thaw cycles, it was not surprising to find the absorption
pattern of uncoupled SMPs more resembling. Additionally, studies showed splitting of N2 absorption when SQ*
was present?53 which could not be observed, further indicating that the observed organic radical was not
located at CI. To analyse the behaviour of the Cl-derived SQ radical, measurements should be performed at
40 K253.25¢ with tightly coupled mitochondria. Number of scans and sample concentration needs to be
increased to account for absorption intensity loss at higher temperatures. Q; and Q, site inhibitors antimycin A
and myxothiazol, respectively, can be used to eliminate CllI-derived SQ* and carboxin to abolish CII-derived
SQ-.255 Isolated CI might be more appropriate to examine Cl-derived SQ radicals because no inhibitors of other

complexes, possibly interfering with CoQs, are necessary.
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Figure 65 | Temperature-dependence of Cl-associated EPR signals. (a) Electron flow from NADH to CoQ in Cl and inhibition by
rotenone at Q-binding site; overlays of BHM treated with NADH or rotenone and NADH at (b) 40 K, (c) 16 K, (d) 9 K and (e) 5 K;
temperature variation of (f) BHM (g) energized with NADH and (h) pretreated with rotenone (same spectra as shown in panels b-e); (f)
most prominent Fe-S cluster of Cl is mentioned for each temperature on the left to the diagram, (g) grey lines: Cl buffer contained 10
LM antimycin A, compare Figure 66 a;

Sample: 1.5 mg BHM subjected to 3 freeze-thaw cycles; buffer: 50 mM KPB (pH 7.4), 0.1% BSA; temperature: 9-40 K as indicated;

procedure: Samples were rethawed to add the indicated substances subsequently and refrozen before each measurement.
Temperature dependence was performed on one sample without interrupting thawing steps.

As drafted in Figure 66 a, in a next step, Cl-associated signals were examined while passing-on of electrons from
CI via CIII was intervened by preincubation of BHM with the CIII inhibitor antimycin A. Complex I was then
reduced by NADH addition. Eventually, electron transfer from the terminal Fe-S cluster N2 to CoQ was blocked

using rotenone prior to or after reduction.
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Figure 66 e displays subsequent addition of increasing NADH concentrations to BHM. Complex I-related signals
of the clusters N3, N1b, N4, and N2 increased with NADH concentration. The gmax component of N3 decreased.
The N3 gin: component increased but was superposed and not separable from N1b and N4. An absorption
signal with its dip at a g-factor of 1.985 dropped drastically (marked with *), but its origin could not be
identified yet. Though absorption changes were completed with 1 mM NADH and therefore CI was fully
reduced, 5 mM NADH was chosen for all experiments to provide sufficient substrate for multiple thaw-freeze-
cycles.

Upon reduction of CI with 5 mM NADH, the influence of rotenone blocking electron transfer from N2 to CoQ on
CI signals was observed in Figure 66 f. After elimination of gmax of cluster N3 and the non-identified minimal
turning point signal with g=1.985 (marked with *) in presence of NADH, these signals reappeared upon
rotenone supply. With increasing rotenone concentration the gi: signals of clusters N1b, N4, and N2 decreased
slightly, indicating a changed electron occupation of CI Fe-S clusters. 10 uM rotenone was selected for CI
inhibition in following experiments since 50 puM changed spectral shape inconsistently, maybe due to
secondary solvent effects by increasing the DMSO content to 5%.

In Figure 66 g, the addition sequence was reversed. First, 10 pM rotenone was added thereby fully blocking
further transport of electrons according to the observation in (f). Addition of rotenone had little effect on BHM
signal pattern only slightly decreasing the signal at g =1.985 (g, red spectrum, marked with *). As observed in
absence of CI blockers (e), NADH addition to rotenone-blocked BHM again decreased this signal and N3 though
to alower extent (g). In contrast, the maximum at g = 2.02 was increasing.

Figure 66 b compares different states of BHM from f demonstrating that feeding electrons into CI (cyan
spectrum) leads to increased electron occupation of clusters N1b, N4, N2 and decreased occupation of the first
Fe-S cluster N3 receiving electron directly from FMN (cf. Figure 6 b on p. 17). Then again, blocking electrons at
the Q-binding site (red spectrum) increased probability of electron allocation at N3. The signal at g=1.985
(marked with *) was most pronounced when BHM were untreated or NADH-energized and electron
conduction was blocked. Therefore, the signal at g = 1.985 might be associated to the gmin component of cluster
S3 from CII, which is only detectable in its oxidized state and was most intense at 9 K (cf. Table 15 on p. 124 and
Figure 65 h on p. 126). When electron transfer from ubiquinol to CIII was inhibited by antimycin A, reverse
electron transfer to CII might have occurred.

When first rotenone was added to BHM (Figure 66 c, red spectrum), addition of NADH (cyan spectrum) only
slightly reduced peak intensity at g=2.03 (N3) but did not abolish the signal as observed in absence of
rotenone (b, cyan spectrum) suggesting that electrons cannot be efficiently transported past cluster N3. Figure

66 d compares antimycin A-preincubated mitochondria (black spectrum) with treatment of NADH and

rotenone in different orders taken from diagrams b (red spectrum) and c (cyan spectrum). When NADH was
added on top of rotenone (cyan spectrum), signal intensities at g=2.02 and g=2.00 were slightly higher than
with inversed addition sequence (red spectrum). g =2.02 may be associated to the gmax component of cluster
S2 from Complex II as electrons might be transmitted via RET from reduced CoQ to CII and intensity was

highest at 9 K (cf. Table 15 on p. 124 and Figure 65 h on p. 126). To avoid superposition of the absorption signals
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by antimycin A-induced SQ radicals at the Q, site of CIII (Figure 65 g, 40 K, grey lines), all following experiments

were performed omitting antimycin A from the assay buffer.
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Figure 66 | Reduction of ClI with increasing NADH and blocking e~ transfer at Cl and ClIl. (a) Redox centres of Cl; electron transfer was
blocked at Q; site of ClIl with 10 pM antimycin A (antiA) in every measurement and with rotenone (r) at the transition from Fe-S cluster
N2 to CoQ when indicated. Overlay of BHM treated with (b) NADH and then rotenone or (c) rotenone and then NADH. (d) Overlay
comprises measurements from panels b and c. BHM were energized with (e) increasing concentrations of the Cl substrate NADH and
then (f) inhibited with increasing concentrations of rotenone (and its solvent DMSO) or with (g) 10 uM rotenone and increasing
[NADH]. In panels g, f, and g concentration of underlined substance was changed and final concentrations are indicated; non-identified
changing signal marked with *;

Sample: 1.5 mg BHM subjected to 3 freeze-thaw cycles; buffer: 50 mM KPB (pH 7.4), 0.1% BSA, 10 uM antiA; temperature: 9 K;

procedure: see Figure 65; subsequent measurements from bottom to top per diagram;

Having analysed the signal patterns of NADH-reduced mitochondria blocked at different sites (CI and CIII) and

determined the best concentration of rotenone and NADH, CoQs were added to NADH-energized mitochondria
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to examine their influence on Fe-S clusters of Complex I (Figure 67 and Figure 68). As can be seen from Figure 67 a,
rotenone severely affected the signal pattern of NADH-energized mitochondria as has also been observed for
inversed addition sequence described in Figure 65 d (p. 126). In contrast to the CI inhibitor rotenone, HO-CoQ10
(b), which was shown to inhibit Complex I in precedent photometric experiments, did not drastically influence
absorption patterns. Upon adding CoQ to NADH-energized mitochondria in addition to N4 and N3, a new
signal at gmin = 1.89 was detectable in b. Since treatment with CoQ1 (c¢) and the solvent control (d) also showed
this additional dip, it might be attributed to N5 that should be visible better at 5 K.

HO-CoQ10 did not change the electron distribution pattern of NADH-energized mitochondria indicating that
the inhibitory mechanism by HO-CoQ10 is different from rotenone. Additionally, electron flow from NADH to

CoQ did not seem to be inhibited in the same way or extent as with rotenone.
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Figure 67 | Influence of HO-CoQ10 on Cl-related EPR signals. BHM were energized with 5 mM NADH and treated with (a) 10 uM
rotenone, (b) 10 uM HO-CoQ10, (c) 10 uM CoQ1 or (d) 6.25% ethanol as vehicle control for CoQs.
Sample: 1.5 mg BHM subjected to 3 freeze-thaw cycles; buffer: 50 mM KPB (pH 7.4), 0.1% BSA; temperature: 9 K; procedure: see Figure

65; subsequent measurements from bottom to top per diagram;

For the experiments shown in Figure 68 effects of CIII blocker antimycin A on rotenone and HO-CoQ10-treated
mitochondria and their order of application were examined. When HO-CoQ10 was added to NADH-activated
mitochondria N4 intensity decreased slightly (a) but no additional signal at gmin = 1.89 as observed in Figure 67
c was detected. In both experiments especially the small signals in the g~ 1.88 region (gmin of N3, N4 N5),
however, have to be considered with precaution since signal-to-noise ratio was quite low making it mandatory

to evaluate more scans per sample in future experiments.
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When antimycin A was added to NADH-activated mitochondria, absorption patterns were not affected (Figure
68 a, d). Then again, when antimycin A was added on top of HO-CoQ10-treated mitochondria, N4-correlated
intensity was abolished and absorption at gmax = 2.02 and ginc = 2.005, that might be correlated to N1b and SQ*
or oxidized cluster S3 of Complex II, increased as visible in b and the overlay in c. These considerable changes
imply that HO-CoQ10 affected electron allocation of CI, CII and/or CIII which was only visible when further e~
transport was blocked. Of course, solvent controls and non-hydroxy CoQ variants need to be tested
extensively.

Signal pattern of NADH-energized BHM was not affected by subsequent addition of antimycin A (Figure 68 d
middle trace). Surprisingly, when mitochondria were preincubated with antimycin A and then energized with
NADH differences in absorption pattern in the region between g=2.02 and 2.00 were obvious (Figure 65 g
compare NADH-energized BHM (cyan) to preincubation with antimycin A (grey)). Signal intensities at g=2.02
and 2.00 corresponding to either N1b and SQ¢, respectively, oxidized S3 or their superposition were much
higher, when BHM were preincubated with antimycin A (Figure 65 g).

NADH-energized mitochondria that were treated with antimycin A and rotenone subsequently (d) showed

identical signal patterns also when addition sequence of inhibitors was reversed (e).
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Figure 68 | Preincubation with HO-CoQ10 changed Cl-related signal upon antimycin A addition. BHM were reduced with 5 mM NADH
and treated with 10 uM sample (HO-CoQ10 or rotenone). 10 uM antimycin A was added to NADH-energized mitochondria or after
sample addition. (a) Overlay of NADH-energized BHM treated with HO-CoQ10 or antimycin A (from single spectra of panels b and d),
(b) subsequent addition of HO-CoQ10 and antimycin A to NADH-energized mitochondria; (c) overlay of single spectra from panel b;
NADH-energized BHM were (d) first treated with antimycin A, then rotenone or (e) first treated with rotenone, then antimycin A;

Sample: 1.5 mg BHM subjected to 3 freeze-thaw cycles; buffer: (a, b) 50 mM KPB (pH 7.4); (c, d) 50 mM KPB (pH 7.4), 0.1% BSA;

temperature: 9 K; procedure: see Figure 65; subsequent measurements from bottom to top per diagram;
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3.9.2 Identification of Fe-S clusters from Complex Il and influence of atpenin A5

To measure Cll-derived signals, first rotenone was added to block CI and thus the formation of oxaloacetate
that would inhibit CII as stated before (Figure 69 a, b). Then, succinate was supplied in increasing
concentrations. Cluster S3 was correlated to g=2.015, 2.00 and 1.98 decreasing with addition of succinate
since the [3Fe-4S] cluster is only EPR detectable in its oxidized state (b) and the signal can be measured best at
9 K (c and Table 15 on p. 124). gmax and gin: of cluster S1 were visible starting from a concentration of 10 mM
succinate since it was otherwise overlayed by S3. Cluster S2 should be visible at 9 K249 but was not assigned
because it is not succinate-reducible.256

When mitochondria were exposed to succinate without preincubation with rotenone, S3 signals were reduced
and a sharp signal at g=1.997 appeared (d, e). To confirm its putative source from an organic radical (SQ*)
measurements at higher temperature are necessary. Upon turnover of succinate to oxaloacetate, CII will be
inhibited. Since succinate is metabolized to fumarate and malate subsequently, formation of NADH by malate
dehydrogenase might lead to partial CI reduction and formation of SQ* at the Q-binding site of CI. Rotenone
addition indeed abolished g=1.997 suggesting the source of the putative organic radical (d, SQ*) to the Q-
binding site of CI. Further reduction of S3 and S1 in presence of rotenone (d, e) suggests that CI inhibition is

important to fully reduce CII.
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Figure 69 | Identification of Cll-related Fe-S clusters in succinate-energized mitochondria. (a) Redox centres of Cll, Cl was blocked
with rotenone; (b) BHM treated with rotenone and increasing concentrations of succinate (final concentration is indicated), (c)
temperature-dependence of Cll signals comparing BHM (grey lines) to BHM with rotenone and 10 mM succinate (cyan lines), (d) BHM
energized with succinate, then treated with rotenone, (e) overlay of single spectra from panel d;

Sample: 1.5 mg BHM subjected to 3 freeze-thaw cycles; buffer: 50 mM KPB (pH 7.4); temperature: (a, ¢, d) 9 K, (b) as indicated;
procedure: see Figure 65; subsequent measurements from bottom to top per diagram; concentration of underlined substance was

changed and final concentrations are indicated;

The impact of Q-binding site blocker atpenin A5 (AA5) on the CII absorption pattern was less prominent than
the impact of rotenone on CI signals (cf. Figure 70 b and Figure 67 a). Adding AA5 decreased the gmax absorption
of S3 (Figure 70 b), indicating further reduction of cluster S3 of CII because electron transfer to CoQ and CIII was
stopped (overlay from b in c). Preincubating rotenone-treated mitochondria with AA5 before addition of
succinate further reduced the S3-associated signal (d and orange in e) in comparison to atpenin addition
following succinate (e, brown) as can be seen from the overlay in e. Since a decrease of S3 signal is associated
to its reduced state, this observation indicates that the final Fe-S cluster S3 has a higher electron occupancy

when transfer to CoQ is efficiently blocked with AA5.
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Figure 70 | Atpenin A5 and especially its preincubation reduced Fe-S cluster S3 of Cll. (a) Redox centres of Cll, mitochondria were
preincubated with rotenone to block Cl, electron transfer to CoQ was blocked with atpenin A5 (AA5) when indicated; (b) succinate-
energized mitochondria were treated with increasing concentrations of AA5, (c) overlay of spectra from panel b, (d) mitochondria were
pretreated with AA5 before energizing with succinate, (e) overlay of single spectra from panels b and d: mitochondria (BHM, black)
supplied with rotenone and succinate (r + S, blue) and inhibited with 10 uM AA5 (+ AAS5, brown) vs. mitochondria preincubated with
rotenone and AA5 and then supplied with succinate (r + AA5 + S, orange);

Sample: 1.5 mg BHM subjected to 3 freeze-thaw cycles; buffer: 50 mM KPB (pH 7.4), temperature: 16 K; procedure: see Figure 65;

subsequent measurements from bottom to top per diagram;

Since preincubating mitochondria with antimycin A and atpenin A5 before substrate supply intensified

spectral changes, visible for example in Figure 65 g (p. 126) and Figure 70 e, respectively, the effect of CoQs



Results 133

should be examined with a similar procedure. Furthermore, effect of HO-CoQ10 on NADH-energized
mitochondria was only visible when electron transfer to CIII was blocked (Figure 68 a and c, p. 130). Hence,
experiments combining different blockers with HO-CoQ10 should be performed to pinpoint the effect of HO-

CoQ10 on electron occupation in the ETC.
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4 Discussion

Production of a constitutional isomeric mixture of 2- and 3-HO-CoQ10 with high purity

Various studies have been performed examining a variety of CoQ derivatives.257-260 Surprisingly, the direct
precursor of CoQ, demethyl-CoQ (carrying one hydroxy group instead of a methoxy group on 2- or 3-position
of the quinone moiety, structure see Figure 2 d, e on p. 10) had never been in focus of a functional study, even
though it was identified at least 42 years ago in the E. coli mutant ubiG~87 Recently, our group and a
cooperating group of electrochemists started examining hydroxy substitutes of CoQ focussing on
physicochemical properties using in-depth characterized reaction mixtures.s”

HO-CoQ cannot be purchased but needed to be synthesized and purified for this study. The nucleophilic
substitution of one methoxy group by hydroxide was definitely proven with 2-D NMR identifying the final,
isolated product as an isomeric mixture of 2-HO-CoQ10 (2-[(2E,6E,10E,14E,18E,22E,26E,30E,34E)-
3,7,11,15,19,23,27,31,35,39-decamethyltetraconta-2,6,10,14,18,22,26,30,34,38-decaenyl]-6-hydroxy-5-metho-
xy-3-methyl-1,4-benzoquinone) and 3-HO-CoQ10 (2-[(2E,6E,10E,14E,18E,22E,26E,30E,34E)-3,7,11,15,19,23,
27,31,35,39-decamethyltetraconta-2,6,10,14,18,22,26,30,34,38-decaenyl]-5-hydroxy-6-methoxy-3-methyl-1,
4-benzoquinone) in a ratio of 2:1. Within this thesis for the first time, HO-CoQ10 was produced in sufficient
amounts and high purity of >92% to perform functional studies. Of course, purity can and should be further
increased by performing multiple additional runs of semi-preparative HPLC, reducing the amount of sample
input per run, and optimizing separation effect of HO-CoQ10 from CoQ10 and other impurities. Completely
eliminating CoQ10 from the reaction mixture alone would already result in a purity of 94%.

Bogeski et al. (2011)8 successfully synthesized mono- as well as disubstituted CoQ1 derivatives exchanging
one or both methoxy groups of CoQ1. Though monosubstituted CoQ1 was more abundant with both their
chemical and biosynthetic approach as shown by LC-MS/MS, dihydroxy-CoQ1l was found in substantial
amounts.8 Pettersson (1964)!29 exemplified the directed conversion of fully substituted 2,3-dimethoxy-5,6-
dimethyl-1,4-benzoquinone to its mono- or dihydroxy analogue by demethylation at 2- and/or 3-position in
aqueous solution modulating the hydroxyl anion concentration and incubation time. Nevertheless, the yield of
dihydroxy compounds might be limited by condensation reactions resulting in dimers®261-263 and oxidative
ring opening.262264 [ndeed, nucleophilic substitution of CoQO resulted only in formation of monohydroxy
compounds and dimeric structures of dihydroxy dimers,263 and byproducts of HO-CoQ10 synthesis included
CoQ10 derivatives with opened ring structures carrying two carboxylic acid groups.11

The mixture of 2- and 3-HO-CoQ10 in the product might be problematic because it has been shown that the
location of methoxy substitutes is important for functionality with the 3-methoxy being more sensitive:
Substitution of the methoxy groups with H at 3-position of decyl-UQ resulted in complete loss of succinate:Q
oxidoreductase activity, whereas substitution at the 2-position yielded 30% acceptor activity compared to
decyl-UQ.260

Eventually, there are two main approaches to target a controlled synthesis of mono- and dihydroxy CoQ10.
Apart from incubation time, changing hydroxide availability in the THF phase can be achieved by slightly

decreasing the NaOH concentration of the aqueous phase because miscibility of NaOH and THF increases upon
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decrease in ionic strength. However, sodium hydroxide concentration needs to be high enough for a two-phase
system since the THF phase is necessary to keep the reactant dissolved. A sophisticated approach is
biocatalysis which can be specifically engineered.265 For example, the CYP450 monooxygenase CYP1B1 used to
produce Hydroxy Q1 by Bogeski et al. (2011) can be mutated to synthesize regiospecific monohydroxy and
dihydroxy CoQ10. Finally, separation of constitutional isomers in principle should be possible via HPLC. In our
hands isomers could not be purified. However, establishment of elution protocols was not focussed on this
task. Nevertheless, it should be possible since separation was successful for 2- and 3-H-substitutes of decyl-

ubiquinone.260

CoQ10 supplied to cells and mitochondria

As CoQ10 supplementation is challenging due to its low solubility in aqueous solutions, and solubility of
CoQ10 is correlated to uptake by cells and intracellular distribution,38 it was crucial to find a reliable
dissolution method for biological experiments. Even though organic solvents like dimethyl sulfoxide,
chloroform, methanol, and ethanol have been used to study primary cells and cell lines using final
concentrations up to 200 pM CoQ10 (Table 10 on p. 64), within this thesis only ethanol was found to be an
adequate solvent for dissolving CoQ10 in aqueous media (cf. section 3.2 on p. 63). CoQ10 and HO-CoQ10 could
be dissolved in ethanol up to concentrations of 1 and 5 mM, respectively, resulting in a stable stock solution at
room temperature. Nevertheless, stock solutions need to be handled and stored cautiously to avoid
precipitation of CoQ and evaporation of the solvent.

Using a final concentration of 1% ethanol (170 mM ethanol) in buffer or medium did not adversely affect
viability of cancer cell lines (Figure 23: 1% water, black; 1% etOH, grey; p.75) and did not induce apoptosis in
Jurkat T cells over a period of 24 h (Figure 24, p. 76), even though other studies observed effects of lower
concentrations.266.267

Ethanol was shown to drastically interfere with ADP-stimulated and uncoupled succinate-linked respiration of
guinea pig liver mitochondria reducing respiration to 26% and 43%, respectively, with only 0.3% ethanol.268
Other studies using rat liver mitochondria observed ethanol-induced inhibition of oxidative phosphorylation
with an IC50 of 4.7%, though up to 2% ethanol did not significantly inhibit ATP production.26® However, in
view of experiments performed with isolated, coupled mouse heart mitochondria in this thesis showing no
influence on respiration (e.g. Figure 28, p. 81) and ROS production (Figure 57, p. 116), 1% ethanol is compatible
for experiments with isolated mitochondria.

Since utilizing ethanolic stock solutions limited the maximal concentration of CoQ10 and HO-CoQ10 in 1%
ethanol to 10 and 50 uM, respectively, another dissolution method was introduced. Many studies apply
ready-to-use water-soluble CoQ10 formulations188190 that are not available for HO-CoQ10. The patented
procedure from Borowy-Borowski et al. (2004)° to enclose CoQ10 in nanomicelles formed with the
polyoxyethanyl-conjugate Cholesterol-PEG 600 was adopted for HO-CoQ10. Following this protocol, an
aqueous solution of CoQ10 and HO-CoQ10 of a concentration as high as 10 mM was achieved (Figure 18, p. 66).
Furthermore, handling of the water-based stock solution is easy and concentrations up to 230 mM CoQ10 are
possible according to Borowy-Borowski (2004). Unfortunately, successful preparation of the stock solutions

was inconsistent and the procedure needs refining. Additionally, in contrast to HO-CoQ10 dissolved in ethanol,
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experiments applying HO-CoQ10-Cholesterol-PEG on isolated mouse heart mitochondria did not show any
immediate inhibitory effect on ADP-stimulated respiration even though a 10-fold higher concentration (i.e.
100 pM HO-CoQ10) could be used (Figure 32 b, p. 86). Borowy-Borowski demonstrated accumulation of CoQ10
in cells (6-fold compared to untreated control) and mitochondria (10-fold compared to untreated control),
when cells were incubated with water-soluble CoQ10-PCS for three days.270 Furthermore, reduction of H20;
formation by isolated mitochondria treated with water-soluble CoQ10 prepared according to the same
procedure was observed!90.271 indicating that in principle CoQ10 uptake by mitochondria was not the reason
why no effect on mitochondrial respiration was observed in this thesis. Since antioxidant activity of CoQ10 is
not limited to CoQ10 localized in the inner mitochondrial membrane, it is not clear if water-soluble CoQ10
integrates into the inner mitochondrial membrane and is released from PCS micelles without prolonged
incubation. Hence, localisation to the inner mitochondrial membrane and availability for RCCs seems to be
essential for the inhibitory effect of HO-CoQ10.

Other options to increase concentrations in water and/or in samples should be explored, e.g. liposomes using
mixtures of phospholipids,272 and electroporation to increase the probability of mitochondrial uptake. Another
sophisticated approach to introduce CoQ into the inner mitochondrial membrane is the conjugation with
triphenylphosphonium cation (TPP+).273 However, TPP+ cannot be attached to CoQ10. Therefore, Kelso et al.
(2001) attached TPP+ to its analogue decyl-ubiquinone and called it mitoQ.27¢ Currently, our group (Katerina
Stankoska) is working on the introduction of hydroxy groups to mitoQ which will enable us to work with a HO-
CoQ analogue definitively located in the IMM.

HO-CoQ10 is a component of bovine heart mitochondria

HO-CoQ was detected in eukaryotes for the first time by LC-MS (section 3.3.3, p. 70). To distinguish existence of
2-and/or 3-HO-CoQ10, NMR analysis of the substance is necessary and can be performed either by isolation of
the endogenously detected substance after chromatographic separation or directly via HPLC coupled to NMR
detection. The mitochondrial concentration of HO-CoQ10 was estimated to be 100 uM in phospholipids of
crude bovine heart mitochondria. Assuming an average molecular weight for phospholipids of 800 g/mol,27> a
content of 0.268 mg PL1%° and 10 nmol CoQ10 per mg mitochondrial protein, a molar ratio of 1:333:11 700 for
HO-Co0Q10:CoQ10:PL can be calculated. Considering the variability of detected HO-CoQ10 and CoQ10 in the
present thesis, no definite concentrations could be determined. Thus, HO-CoQ10 content might have been
underestimated.

Even though concentrations were determined in whole mitochondria and not in mitochondrial membranes,
concentrations in mitochondrial membranes can be estimated. Calculating molar CoQ concentrations using
CoQ contents in rat liver mitochondria (Table 1 on p. 14) and phospholipid contents in whole mitochondria,
IMM, and OMM of pig heart mitochondriarr276 or in whole mitochondria and IMM of beef heart

mitochondria, 19159 CoQ concentrations were similar in whole mitochondria and the IMM but halved in the

pp PL content in pig heart mitochondria (mg/mg protein): mitochondria, 0.3; IMM, 0.48; OMM, 8.527¢
94 PL content in beef heart mitochondria (mg/mg protein): mitochondria, 0.268; IMM, 0.260 or 0.38715?
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OMM. Nonetheless, distribution of HO-CoQ10 within mitochondrial membranes might be distinctive and a
mechanism to rapidly modulate respiratory activity and ROS signalling.

Since CoQ10 is present in all organs and cellular membranes, HO-CoQ10 is most likely to be found ubiquitously
as well. Nevertheless, this thesis was focussed on possible functions of HO-CoQ10 in mitochondria.

HO-CoQ10 and CoQ10 inhibit respiration

One main goal was to test the effect of the two substances, Coenzyme Q10 and HO-CoQ10 on the mitochondrial
electron transport chain. The experiments were performed using isolated mouse and beef heart mitochondria
and are summarized in Figure 71. These results showed clearly that HO-CoQ10 is reducing CI-, CII-, and CIII-
linked respiration (Figure 28, p. 81) as well as NADH:CoQ1 oxidoreductase and succinate:CoQ1 oxidoreductase
activities but not decyl-ubiquinol:cytochrome ¢ oxidoreductase activity in photometric assays of the single
respiratory chain complexes I, II, and III, respectively (CI, see Figure 43 a, p. 100; ClI, see Figure 46, p. 103; CIII,
see Figure 48, p. 105). Surprisingly, submicromolar CoQ10 drastically intervened with CI- and ClI-linked
respiration. However, this effect was only visible at low mitochondrial input reducing oxygen consumption
rate to approximately 50% or less (Figure 38 d, p. 94 and Figure 39 d, p. 95), whereas respiration of quadrupled
mitochondrial input was unaffected by 10 uM CoQ10 (Figure 28, p. 81). In line with the observation of CoQ10
reducing respiration, Bergamini et al. (2012) reported decreased uncoupled respiration of whole cells
pretreated with 10 uM CoQ10 for 24 h.189 This effect was only visible when CoQ10 was applied as an ethanolic
solution but not when a water-soluble formulation was used.18? The authors suggested that incorrect insertion
into the IMM was responsible.189

Being the endogenous electron acceptor of CI and CII, CoQ10 in contrast to HO-CoQ10 did not markedly affect
NADH:CoQ1 and succinate:CoQ1 oxidoreductase activities (CI, see Figure 43 a, p. 100; CII, see Figure 46, p. 103).
Furthermore, HO-CoQ10 but not CoQ10 regulated ROS production in coupled mouse heart mitochondria
stimulating H,0; formation linked to CI and CII substrates and downregulating H,0, formation linked to G3P
(Figure 57, p. 116). Therefore, it is conclusive that HO-CoQ10 exhibits two distinct mechanisms to influence ETC
activity: 1. HO-CoQ10 directly inhibits RCC activity by interaction with their Q-binding sites, since oxidase
activities of CI and CII were unaffected (cf. section 3.7.6, p. 109) and inhibition of CIII was only seen when low
concentrations of artificial quinols were provided (Figure 30 ¢, p. 83). 2. Another, membrane-associated
mechanism is inherent to both HO-CoQ10 and CoQ10 which was observed in mitochondria with intact
membranes and did not appear, when the CoQ analogues with short side chains CoQ1 and decyl-UQ were
applied (Figure 32 ¢, p. 86). Underlying mechanisms for the latter hypothesis will be discussed in detail in the

following chapter and then, explanations for RCC-associated mechanism are proposed.
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HO-CoQ10 and CoQ10
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Figure 71| Observed effects of CoQ10 and its hydroxy derivative HO-CoQ10 on the mitochondrial electron transport chain.
Respiration and ROS experiments were performed with freshly isolated coupled mitochondria isolated from mouse heart, RCC activities

were analysed with uncoupled, lysed mitochondria isolated from bovine heart. ® marks reduction and ¥ increase by CoQ.

CoQ10 and HO-CoQ10 inhibit respiration by changing biophysical membrane properties

Coenzyme Q10 is known to influence biophysical membrane properties. Similar to cholesterol, but more
effectively, CoQ10 increased the order of the hydrophobic region of lipid membranes.2? Since the quinone
moiety was essential to this effect, CoQ10 was assumed to intercalate between phospholipids with the head
group located near the polar layer of the membrane.3! Cholesterol was shown to increase membrane
microviscosity and therefore decrease membrane fluidity in biomimetic mitochondrial membranes277 and rat
liver mitochondria.2’8 Simultaneously, cholesterol impaired ATP production.?’7 Increased membrane viscosity
was shown to decrease respiration rates which could be restored by addition of membrane-fluidizing
sterols.2’7 Increasing unsaturated lipid composition, known to enhance membrane fluidity, in E. coli
membranes and yeast mitochondria, increased respiration rates.2’? In contrast, enhancing membrane fluidity
by increasing unsaturated lipid composition in £ coli membranes and yeast mitochondria increased
respiration rates.2’? Ubiquinone diffusivity was reported to be enhanced simultaneously with increasing the
portion of membrane-fluidizing lipids, thereby tightly regulating respiratory flux.279 As stated by Budin et al.
(2018), membrane viscosity might control the efficiency of the respiratory chain by other mechanisms like
impairing substrate uptake or changing individual RCC enzyme activity.27? Although cholesterol was shown to
decrease membrane fluidity and impair ATP production, it did not affect ADP uptake.280 “It has generally been
accepted that increased membrane fluidity reduces the physical barrier to oxygen permeation”.28! In reverse,
increased membrane viscosity should impair passive permeation of oxygen. Since CIV-linked respiration was
not reduced by CoQ10 (Figure 28 d, p. 81), decreased oxygen supply in mitochondria cannot be the reason for
reduced respiration in our experiments. To assure this statement, additional experiments increasing the

CoQ10-to-mitochondria ratio should be performed. Also, replenished oxygen concentration should be
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measured upon exhaustion of an ETC substrate or ADP, e.g. using phosphorescent oxygen sensors.z82-284
NADH:CoQ1 oxidoreductase and succinate:CoQ1 oxidoreductase activities were not affected by CoQ10 (CI:
Figure 43 a, p. 100; CII: Figure 46, p. 103) further pointing towards a membrane-dependent effect.

Since calcium has been shown to decrease membrane fluidity by binding to low-affinity sites,285 the observed
potentiating effect of calcium might be due to an additional increase of viscosity. Since lateral diffusion of CoQ
in mitochondrial membranes has been shown to be considerably faster than ETC rates, under standard
conditions electron transfer is not diffusion-limited.28¢ Thus a slight decrease of CoQ diffusivity induced by Ca-
binding to phospholipids should not impact respiration in absence of exogenous CoQ10.

Furthermore, HO-CoQ10 and CoQ10 offer additional calcium binding sites in the membrane. Unpublished data
by Katerina Stankoska and Nikolina Mitreskal85224 revealed that not only HO-CoQ10 like suggested by Bogeski
et al. (2011) but also native ubiquinones are capable of calcium-binding. In their reduced state and in absence
of H-bonds from water to the quinol oxygen, 2 quinols probably bind 2 Ca2* ions, thereby releasing protons
and forming a calcium-quinolate complex (Figure 72 d, e, f). CoQ-calcium complexes might consist of
agglomerates of multiple CoQ molecules, and thereby might have a stronger effect on membrane properties.
Exogenous application of CoQ elevates the ratio of CoQ to other membrane components increasing the
probability of multiple CoQ-calcium complexes which is why calcium did not decrease respiration when
endogenous amounts of CoQ were present (Cl: Figure 38 a and b, p. 94; CII: Figure 39 a, p. 95).

More hydrophilic CoQ derivatives have been shown to be located in shallower regions of the lipid bilayer,
nearer to the polar surface than CoQ10.26 Thus, their influence on the acyl chain order might be negligible
which may be the reason why the smaller CoQ analogue CoQ1 did not modulate mitochondrial respiration
(Figure 40, p. 96). Figure 72 a-c illustrates the link between CoQ10 content, calcium binding, and the order of the
membrane changing its viscosity, and thereby quinone diffusivity which eventually impacts mitochondrial
respiration.

To validate this hypothesis, further work should focus on examining mitochondrial membrane fluidity in
dependence of CoQ10 enrichment and calcium presence by, e.g. measuring fluorescence anisotropy with
fluorescent probes intercalating between lipids of membranes.278287.288 Possible impairment of electron
transfer between enzymes and CoQ can be tested by measuring CI-CIIl and CII-CIII (NADH and
succinate:cytochrome c¢ oxidoreductase) activities without interference of artificial quinone acceptors.
Diffusion coefficients of CoQ10 can be assessed by fluorescence after photobleaching (FRAP) experiments with
fluorescence-marked CoQ10 (NBD conjugated to carbonyl group of quinone moiety).279 If decreased
membrane fluidity can be confirmed, experiments should be repeated with compounds decreasing and
increasing membrane fluidity, e.g. cholesterol277278 and A;C (2-(2-methoxyethoxy)ethyl-8-(cis-2-n-

octylcyclopropyl)octane,278 respectively.
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Figure 72 | Proposed model of CoQ1l0 and ca** regulating respiration by changing membrane fluidity. Panels a-c depict the
correlation between membrane integration of CoQ and order of the membrane acyl chain region (O,,) influencing membrane fluidity
(Fm) and consequently CoQ diffusivity (Dq). (@) The quinone moiety of CoQ10 is thought to be located near the polar side of the lipid
membrane. (b) Increased content of CoQ10 intercalated between phospholipids reduces membrane fluidity by increasing the order of
the acyl chains. Enhanced microviscosity, in turn, reduces diffusivity of CoQ. (c) Calcium binding to PL and CoQ further decreases
membrane fluidity and Q diffusivity. (d) Oxdized and (e) reduced form of CoQ10, R =isoprene chain consisting of 10 isoprene units; (f)
Proposed Cab—binding of CoQ10 at the deprotonated oxygen atoms at 1- and 4-position, sandwiching 2 Calcium ions between 2

quinols.

HO-CoQ10 is an inhibitor of the Q-binding site of respiratory chain complexes I, Il, and Il

HO-CoQ10 exhibits an inhibitory effect on single respiratory enzymes CI and CII and at the same time
enhances H»0; production linked to these complexes. Usually, ROS production is associated to an electron
backup in a respiratory chain complex which increases the probability of electrons to slip and reduce oxygen
to produce superoxide anion radicals, that in turn react via spontaneous and enzymatic dismutation to
hydrogen peroxide. However, different to rotenone, HO-CoQ10 did not change electron occupation of Complex
I detected by low-temperature EPR (Figure 67 a and b, p. 129), but changed absorption spectra of a following
antimycin A treatment (Figure 68 a and c, p. 130). Hence, it is plausible that electron passage through Complex I
is not hindered by HO-CoQ10. Furthermore, Complex Il showed HO-CoQ10 reductase activity when HO-CoQ10
was supplied in high concentrations (Figure 50 ¢, p. 108). The requirement of high HO-CoQ10 concentrations to
detect CII activity might be due to the decreased water solubility of CoQs with long isoprene chains since in
comparison to CoQ1 also higher CoQ10 concentrations were necessary (cf. Figure 50 a and b). However, this can

also be explained by partial reduction to the semiquinone radical.
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Comparing redox properties of CoQ10 and HO-CoQ10 in aqueous solution, the redox potential of the hydroxy
derivative was determined to be only 80 mV more negative than the redox potential of CoQ10.185r
Considering that the last Fe-S cluster transferring electrons to CoQ has a redox potential of -200 mV in
Complex I and + 60 mV in Complex II and that CII showed HO-CoQ10 reductase activity, it is likely that CI is
able to reduce HO-CoQ10 under ideal experimental conditions as discussed before (section 3.7.4 on p. 106).
Since Fe-S clusters transfer one electron at a time, redox potentials of Q/SQ*™ and SQ*~/Q?- couples need to be
compared. Assumptions are made on basis of electrochemical data although electron transitions and redox
potentials might vary since they are highly dependent on the surrounding as well as availability of H-bonds
and protons. Nonetheless, comparing quinone derivatives with their monohydroxylated forms,ss it is obvious
that even though quinone/quinol pairs of the hydroxy analogues have a more negative redox potential, their
midpoint potential of the first electron transfer from Q to SQ*~ is more positive. Therefore, the reduction of
HO-CoQ10 to its semiquinone radical should be facilitated in comparison to CoQ10. However, the second
reduction of SQ*~ to Q2~ was found to have a remarkably lower redox potential. Therefore, complete reduction
of HO-CoQ10 might be hindered. Thus, HO-CoQ10-induced CI- and CII-linked ROS formation might be a result
from one-electron transfer to HO-CoQ10 producing HO-SQ-. As the semiquinone radical of HO-CoQ10 has been
observed to be remarkably less stable than the CoQ10-derived radical, 185 the HO-SQ* is prone to react with
oxygen and thus might be the source of elevated ROS formation.

To substantiate this hypothesis, the source of ROS should be located using non-R0OS-inducing inhibitors of the
other complexes. Additionally, the HO-CoQ10-derived SQ* should be detectable in absence of oxygen using
low-temperature EPR. Inclusion of oxygen in the medium should result in ROS formation and consequently
abolish the radical. Furthermore, inhibitors known to eliminate appearing SQ* at the Q-binding site, like
rotenone, atpenin A5, and TFFA,>* can identify the site of semiquinone formation.

Apart from acting on the Q-binding site, CoQ could also affect RCC activity by binding to other sites of the
respiratory chain complexes, thus changing activity directly or via influencing affinity of cardiolipin and
phospholipids known to modulate RCC activites.289-291 Since HO-CoQ10 induced CI- and ClI-linked ROS

formation, the local increase of ROS might secondarily decrease RCC activity.292.293

HO-CoQ10 neither affected cell viability nor proliferation

Even though HO-CoQ10 enhanced ROS formation and inhibited CI, CII, as well as mitochondrial respiration,
HO-CoQ10 did not induce cell death or reduce proliferation of different cell lines under standard cell culture
conditions (section 3.4, p. 74). In contrast, ETC inhibitors are known to inhibit proliferation and induce cell
death.294.295

Uptake of the substances might be one critical factor, even though it has been shown that incubation with
10 uM ethanolic CoQ10 for 5 d increased cellular CoQ10 50-fold to 3 000 pmol/mg.167 However, activities of
RCCs of CoQ10-deficient cells were not fully re-established upon CoQ10 supplementation, indicating that

m Epmid of C0Q10 and HO-CoQ10: 80 and 0 mV, respectively; vs. SHE, measured with glassy carbon electrodes
modified by NH-functionalized carbon nanotubes, KP;, pH 7, cyclic and square wave voltammetry185

ss 1,4-naphtoquinone and 2-hydroxy-1,4-naphtoquinone,??8 2,5-dimethyl-1,4-benzoquinone and 3-hydroxy-2,5-
dimethyl-1,4-benzoquinone?8>
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mitochondrial uptake of exogenous CoQ10 is a limiting factor. In fact, intraperitoneal administration of 3H-
labelled CoQ10 showed that only 0.5% of total CoQ10 taken up by rat liver tissue reached mitochondria.2%
Assuming an uptake of 0.5% from the observed 3 000 pmol/mgé7 into mitochondria would have resulted in
an increase of CoQ10 concentration of 15 pmol/mg mitochondrial protein. Taking this estimate into account
suggests that also HO-CoQ10 can be enriched in mitochondria but does not exhibit a deleterious effect on the
tested cancer cell lines.

Cancer cells evolved a multitude of coping mechanisms to evade cell death, e.g. switching to aerobic
glycolysis.2?7 Thus, cancer cells might have lost HO-CoQ10 sensitivity during cancer progression. Since this
study only considered immortalized cell lines and did not test impact on primary cells which might be
considerably different, it can be speculated that HO-CoQ10 acts as a cellular modulator of energy metabolism.
Conclusion

The inhibitory effect of CoQ10 on respiration seems counterintuitive because CoQ10 is an essential component
of the mitochondrial electron transport chain, and primary CoQ10 deficiency is successfully treated by oral
CoQ10 supplementation. However, CoQ10 has a high turn-over rate, is synthesized in every tissue and can be
adaptively regulated implying that CoQ10 levels are kept in steady-state concentrations but may be rapidly
changed on demand. HO-CoQ10 inhibits respiratory chain complexes tested in reactions with exogenously
applied quinones. Future experiments should address the influence of HO-CoQ10 on more physiological levels.
Therefore, it will be essential to follow the accumulation of exogenous HO-CoQ10 in cells and mitochondria to
allow estimation of active concentrations. Moreover, modulation of endogenous HO-CoQ10 and CoQ10 levels
will permit experiments without exceeding physiological concentrations. Endogenous HO-CoQ10 was detected
in highly metabolic active heart tissue in small amounts. Quantification in different tissues, cellular
compartments, metabolic activities and pathological conditions may lead to defining physiological roles of HO-

CoQ10.
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